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THE EFFECTS OF IONIZING RADIATIONS ON THE BIOCHEMISTRY
OF MAMMALIAN TISSUES

I. The Influence of X-irradiation on the Reductase Activity
of the livers of Rats

Kemneth P. DuBois and Bornard E. Hietbrink

This report concerns: Tho dovelopment of a quantitative method for
neasuring roductase cotivity of wammalion tiscues and application of tho
method to a study of the effects of x-irradiation on tha activity of this
enzyme in the livers of young rats.

Timediste or ultimate application of tho results: The present in-
restigation constitutus & continuation of systematic studiea on the offects
of ioniging radiations on the enzymatic roactions of mammalian tissues which
have bean in progresa in this laboratory for several years. During the paet
{ow monthia our attontion has beon directed tounrd a study of individual steps
in the hydroyan trangport sysienm as a recult of the finding that the dewelop-
nent of a detoxdrication system in tho micropomo fraction of the livers of
young rats 1s inhibited by Lo dogos of m-irradiation. The oxidative re-
actions concarned with druy motebslirm ir ths liver nicrosomes require re--
duced triphosphopyridine mucleotida or diphosphonyridine nuclcotide for tiair
activity. The oxidation of chomicals by microcecma enzymes trkes placa vin ¢
milti-step ensyme system. In en attempt to obtain irformation omn tho erumct
site of action of radiation, a study was uncdertaken on the individual stepo
in tha hydrogen transport syston. In sote cases it has toen necessary ¢o di-
volep agsay methods upplicable to the timsues of rormal and irradiated snimelo
to study the varicus gtops of tho overall reaction. The findings whicl huvo
been mada during thir gtudy have practical applicanieon with respect to th:
ability of irradiated animals to dotoxify drugs and cther foroign chemic.lc.
It 1s anticipated that fuwrther studies on tho axact site of action of radi-
ation ag an inhibitor of the developmunt of microsome engymss in young amw:‘
nay contrihute baric irformaticn on the blochomlceal effects of radiation iilel
hag not yet beem obteinad by studylng ho acticnzs of doniring radiatisina on
tiseueo of adult animnle.,

* 3 RELH TSR

Evidonce ¢hat sublethal docea of x-jvrodiation havo a marlked infliu.
ciace on the davelommont of engynesn concerncd with thn mebaholism of foHveisn
chemicals by tlie liver was ottained in triz laloratory several moaths ago (1).
The initicl evidence along thie line came from moasurements of the toxicity
of a cholinorgio organic phoephat.o to irradinied aud nomel yo rvats., In
the novnal ocmdmols tho o,. the organic pn.oup‘mw was 15 ¢ ’?m@‘nv for
23—lay old rais and ot LS ma of sgo the wnlue was 210 mgn. /kgn.  There uas
considarable evidenco from a previous study by IuBois and Pechala (2) that
the acquisition of reasiztance vas dve to Lho doveloment of a dotoxificaticn

1
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systea in the livers of young male rats., A direct approach was then under-
taken to investigation of the possibility that irradiation inhibits tho de-
velopmant of detoxification engymes in the microsome fraction of the liver
(3). The initial experiments (3) oonsisted of measurements of the rate of
desulfuration of phosphorothioates. This oxidative reaction is catalyzed
by a microsome oxidase and its development to the adult level ocours gradve
ally the first six weeks after birth of male rats (4). Rats exposed
to 200 r or LOO r of radiation at the age of 23 days failed to exhibit the
increase in enzyme activity to the adult level that nommally occurs bstwaon
the agos of 23 and 145 days (3). Evidenco was obtained that this effect wau
not dua to prolonged atarvation or to a deficlancy of reduced triphospho-
pyridine muiclootide. Although teatosterone atimlates the development of
the ensyme syaten (5) in the livers of male rats, shielding the testos
during irradiation did not prevent the radistion-induced inhibition of ce-

velopment of ths enzyme systanm.

Hietbrink ot al. {6) rocently employed partial body shielding to ob-
tein information on the gross site of action of radiation in commection with
the inhidbition of the development of microgome oxidages. These experimants
demonstrated that irradiation of only the liver area doas not inhibit develope
ment of the enzyme system in contrast to the marked inhibition resulting from
whole body irradiation. Since chiclding ths testes did not prevent the in-
hibition, it appears timt tiscues othar than tho liver and testes ars able to
supply & substance needed for tha normal) devolopmoni of liver microsome enzyme
systens. After whols body irradiation all sources of this unknown substance
are apparently destroyede This finding suggocts the possibility that the
findings made with respect to devolopner:t of cdetoxification onsymes in the
liver of irradiated animals mey apply ir eoxé momnar to other tissues. The
substance which other tissuos ars apperently abls to supply to the irradiated
liver night also te involved in the synthesis of some enzyme system in the
other tissues.

The findings described above stimulated our interest in further
studies aimed at finding tha exact pite of tho radintion-induced defect in
the development of microsome ensymes. Since ‘the catalytic action of thase
enzymes depends upon a source of reducud pyridine nucleotidss genorated by
coensyme--linkad dehydrogenass syotems, it scemad ropsonedble to initiate our
studios on the individual ateps of thn resction by cacertnining vhether radi-
ation inhibits the formation of reduced triphozphopyridine mecleotide, For
this phase of the investigation tho oxidation of glucvse-6-phosphate and
6-phouphogiuconic oeid was studied (7). Tho dehydrogenases which catalyzo
the oxidetion of both of these compounis roquire triphosphopyridine nucleo-
tide and the reacticns can sorve s3 a sourco of ths radwoed coenzyre., Farther
intorest wag gonarated by a rovort (8) that lothal doses of radiation inhivit
these dshydrogemses. HMothods wore dsveloped uzing a tetrasolium dys as tio
hydrogen ecceptor from reduced triphosphopyridine nucleotide thus eliminating
tho terminal steps involving the microzwma oxidazos and othor systems carable
of oxidizing triphocphoryridine micleotide, The results of measuremsnta of
glucose-S-phosphato dehydrogenass activity dencnstrated that 800 r of
x-irmdiation caunes came inhibition of tho enzjymie activity tut it d4d not
excsed LO¥ in any tiscus and vas thus insufficisnt to account for the markcd
iphibition of the microsoms crzyee vystems. Tha 6-phosphopluconis acid de-
hydrogenase activity wag likewise inhibited but ¢ less than 30% in the livero
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of adult rats. Measurements were also made (9) of the effect of x-irradiation
on the gluoose-5-phosphate dehydrogenase activity of the livers of rats from
23 to 39 days of age. In oontrast to the migroaome oxidase activity, the ac-
tivity of this ensyme reached the adult level by 25 days of age. Exposure of
rats to 40O r had no inhibitory effect excopt to delay tho increass in the
ensyno activity to the normel adult level by about two days. It was clear
from these experiments that x-irradiation does not inhibit pyridine nucleotide-
linked dehydrogenases to a sufficient extent to account for the markod effect
by radiation on microsmme oxidase activity. :

As a ocontinuation of experimonts directed toward attempts to eluoi~
date the site of action of x-irradiation on the development of liver microsoms
ensymes, we have investigated the reductase activity of the livers of young
normal and irradiatead rats, Tho racductuse system utilizes reduced triphospho-
pyridine mucleotide (10) and is presont largely in the microsome fraction of
tho liver. The present report dosciribes the dovelopment of a quantitative
assay proosdurs for meaguring tho rocuctase activity of animal tissues and
application of the method to the livars of normal and irradiated rats. Tho
absence of an offect by radiation on the development of this ensyme eysten in
young animals indicates specificity of tho effect of radiation on the develop-
ment of certain microsome enzymes.

Materials and Methods. Weanling and adult Sprague-Dawley rats wero
used for these experiments, The animals were kept in air-conditionod rooms
and wers fed Rockland Rat diet and water ad libitum,

X-irradiation was adninistered as singlo whols body axposures with ¢
0. E. Maximar Therapy Unit. Tho radiation factors were 250 KVP, 15 ma., 0.25
mm, Cu and 1 rm, Al sdded filtration. The target-animal distance was 75 c:.
and the dose rate was 35 r to 39 r per mimte.

The measurement of reductaso activity was made by the method developed
during the course of this study. The dotails of the procedure and tho axperi-
ments that were conducted to select the optimum conditions for the assay are
desoribed in this report.

Remults

Development of a quantitativu assay procedure for measuring the re-
ductase activity of animal tissues. Youte and Erodie (10) have studied the
properties of a recuctase system which catulyzes the conversion of nitro
compounds to corresponding aminee. They fomd that the ansymo aystem is
present in both the soluble supernatant from which the muclei, mitochendria
and miorosomes aro removed and in the microsimes of liver. After
the ensyme raquired the addition of reduced triphosphopyridine nucleotide
(TPN) or a system capable of generating reduced TPN. Their initial studies
were conducted on rabbit tissuos and on the basis of experiments on tiseues
from this species they devised an assay system which was apparently con-
sidered to be quantitative since it was used to measwe tisoue distritution
of the engyme in rabbits and to study species differances in reductase ac-
tivity of the liver. However, befors using their method in our studies, it
seened desirable to sscertain whether it was a valid acsay for enzymo activity
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particularly in view of the extremely high amounts of liver (0.5 and 1.0 gn.)
and the level of nicotinamide (100 micromoles) which they used. Tholir
report (10) provides no evidence that experiments wore condusted to determine
the optimum conosntration of each component of the reaction mixture.

", In owr initial experiments a system essentially the came as that of
Pouts and Brodie (10) was used except that 50 mg. and 100 mg. of whole rat
liver homogenate was employed and the reaction waos carried ocut in a final
volume of 3 ml, instead of S ml, P.nitrobenzoic acid was employed as the
substrate. Its ensymatic reduction yislds p-aminobensoic acid which can be
measured colorimetiically by the diazotization procedure of Bratton and
Marshall (11). The test system used for our initial experiments contained
0.5 ml, of p-nitrobensoic acid (1 mgm./ml.), 0.5 ml. of nicotinanide (10
mgn./al.), 0,25 ml, of glucose-6-phosphata (20 ./m.;, 0. m1, of RN
(1 ngn./md.), 0.5 ml. of 0.1 K phosphate tuffer (pH 7.h), 0.5 ml. or 1,0 ml,
of 10% whole liver homogenats and sufficisant redistilled water to make a
firal volume of 3 ml. The constituentn of the reaction mixture were placed
in Warburg vessels and gasced with 95% nitrogen and 5% CO; for five mirutes.
After a S-minute incubation equilibration poriod at 38° C., the liver homoge.
nate vas tipped from the side-arm into tho main compartment of the vossel snd
the mixture was incubated for 60 minutes. AL tho ond of tho incubation period
2 ml, of 15¢ trichloracetio acid was added to each semple. The samples were
transferred to centrifuge tubes and contrifuged for five nimtes at 1,500 rpm.
An aliqwt of the reaction mixturs (1.5 ml.) was then enalyzed for free
p-mminobenscic acide Under these conditions no free p-aminobsnzoic acid was
found in the reaction mixture when 50 mgm. of rat liver was used but when 100
ngne or 200 mgm, of livor a3 employod, oall szounta of p-minchemgoio acid
were prosent, However, a linear roletionship was not obtained between the
tiosue level and the amount of p-nitrobenzoic acid which was reduced. It
seemed porsible that the lack of linsarity might ts cdue to acotylation of
the p-aminobanzoic acid and that a higher porcertage of the formed p-amino-
bensoic aoid was acetylated with the lowast tissus ooncentrations. Fouts
and Brodie (10) reported that acotylation of p-aminobenzoic acid does not
occur with rabbit liver homogenates and they assumod that it would not oc-
cur under the same conditions with liver homogenctes from other apecies. Aa
a consequence they reported extremely low reductase activity for rat liver
end attributed the lov activity to a species differences. However, wa found
that when the reaction mixture was subjected to acid hydirolysis by the ad-
dition of 0.3 ml. of concentrated lydrochloric acid followed by heating in a
boiling vater bath for 30 mirmtes, stout 75% of the p-aminobenzoic acid had
baen acetyleted. Aftor hydrolyuis tho amaount of p-aminobenzoic asid in the
reaction mixture was strictly dependent upon the amount of tissue in the ra-
action mixture.

Aftor completion of the experinunts dercribed above; it was possible
to carry out additional tests to ascertain the optimum concentrations of the
various components of the assay system. In this cormection attention was
first given to the optimum nicotinamide oconsentration because it seamod un-
1ikely that a lewel as high as 100 miororoles wes necereary to inhibit thoe
breakdown of TPH., Yor this exporimont 57 mmw., of homogenized rat liver wos
used in the test system deseribed above and the nicotinamide concentration
vas varied from 0 to 5,000 ugn, At the ond of the GO-mimute reaction period
2 ml. of 15% trichloracetic acid was sdded. The reaction mixture was
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centrifuged and 1.5 ml, aliquots were used to messure free and total
p-axinobensoic acid. The results of this experiment are summrised in
Table 1.
TABLE )

INFLUENCE OF VARIOUS NICOTINAMIDE IEVELS ON THE
REDUCTASE ACTIVITY OF RAT LIVER HOMOGENATES

Roductase Activity

« of p-Aminobensoio

Nicotinanide Concentration | A°%4 ’mgm sgn, of
Mree Total
0 7.0 Sh 0.6
100 | 6.8 3h.ly
250 X 3110
500 6.6 32.0
1,000 6.6 28,4
2,000 6.0 25“2

5,000 2.0 17.0

The data in Table 1 show that it was not necessary to add any
nicotinamide to a rat liver homogenate syntem containing 50 mgm. of liver
and 40O pga. of TPN. The activity was just as great in the abgence of
added nicotinamido as it was when 100, 250 or 500 jJgn. were added. Of
considerable significance, however, wap the finding tkat high concentrations
of nicotinamide exert a depressent offect on reductese astivity. A lovel
of 5,000 pgm. of nicotinamide, which is the amount used by Pouts and Brodio
(10), dopressed the ensyme activity by 50% aa compared with the activity ob-
tained with low levels or with no nicotinnmide.

Further axperiments wore then conducted in which both the nicotinam-
ide and the T levels wore variod. In view of the higher sctivity obtained
by decreasing the nicotinamide level to balow that which inhibits the ensyws,
it was poosiblo to reduco the tissuc level to 25 mgm. and S50 mgn. for the
cduplicate asaszys. Ths results of theso neasurements are summarised in Table
2. Thess data indicate that maximal activity oai.- be obtained without the ad-
ditiom of either TFN or nicotinamide. Under the conditions of the assay
there is, therefore, a sufficient quantity of endogonous TFN. The experiments
slso indicated that the activity was not decreasod by the presence of various
low levels of TPN and nicotinamide. In conslderation of any possible appli.-
cations of the aspay procedure to situations in which there night be a do-
ficiency of TPN, we celected a conoentration.of 100 pgn, of TPN and 100 pgm.
of nicotinamide for the assay procedure to insure that TFN would not become
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the rate~limiting oomponent of the system under any conditions that were
anticipated,

TABLE 2

EFFECTS OF VARIOUS LEVELS OF TRIPHOSPHOPYRIDINE
NUCLEOTIDE AND NICOTINAMILE O THE
REDUCTASE ACTIVITY OF RAT
LIVER HOMOGENATES -

Reductase Activity .
. of p-Aminobenzoic
Triphosphopyrddine |y oeinanido | Acid Formed/100 mgm, of
Nucleotide Corcentration Liver/RHour)
Concentration e )
) (e

Fres Total
0 (o] 7.0 33.3
0 S0 7.6 32.0
100 50 1n.0 34.8
100 100 9.3 3.k
14,00 50 6.0 34.0
1400 100 6.8 ah.h

Additional experimonts on the optimum conditicns for the recductase
asoay were conducted in which various constituents of the reaction medium
vere omitted. The results of these measuremsnts are surmarised in Table 3.

TABIR 3

ESSENTIAL COMPONENTS OF THE REDUCTASE ASSAY
SISTEM FOR WHOLE RAT LIVER HOMOSENATES

Reductase Activity

Substance Omitted (ugn. of p-Aminobenzoio
’ £.044/200 mgm./Rour)

NONB ¢ o 6 o ¢ 06 00600 ¢ ¢ oo 32@'1
p-“itmbmo‘c acid e v v o ¢ o0 o

I3ver ¢ « ¢ o 60 00 0 0 06 0 ¢ o 0

Gluoo ”-'6‘-})110@‘\&“ v e s s e v e 32. 8
Nicotinamido o o o ¢ v ¢ ¢ o o ¢ ¢ 33uh

TPN VG 6 e 00 06 9 e v v e 33.0

TPN and nicotinsmide 32.8
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For thaso expcrimants the coplete system contained 50 mgm, and 100 mgm,

of livor, 5 mgn. of glucose~6-phosphate, LOO ugn. of TPN, 100 jgm. of
nicotinamide ond 0,5 mgn. of n-nitrobenzolic acid. The ensyme ‘activity wis
exprescsed in terms of the total anount of p-aminobenzoic acid in the meditm
after acid hydrolynis. A veaction tine of 60 mirutes was employed. The
data in Table 3 show thet there is 110 pwaminotensoic acid or cther cnmines
capahle of giving tho color rotction for p-aminobenzolc acid prssent in

the reaction mixture when ths substrate is omitted froa the reaction mixture
and thare inm no reduction of tho substrato when liver is cmitted from the
test aystenm, Thoe activity was not affected whon glucose-S-phosphato wan
onitted indicating that thare ie sufficieri endogencus reduced TPN for the
roaction. Similarly T and nicotinamids wars not rocded in the gystaer.

As a rosult of thase measurexents, it wap evident thint only the substrate
and liver were eszential when hamogenates of normal, adult rat liver were
assaysd for reductase activity. Howovor, glucos.-5-phosphate, TPN snd
nicotinanide wore added to tha cystom in order (o havs bettsr assurance
thnt the procedure would not have to bo cltored for use on the tissues of
immaturo and ivradiated rats.

After astablisimont of moot of the optimum cunditions for measure-
ment of reductase activity of rat liwver, an additional experiment was per=
formad to salsct the best tisoue levels and incubation perlod:. The expori-
ments descrited above lad indicated thal auounts of liver within the rango
of 25 ¢to 100 mgn. wers cebisfactory with a l-howr dicubation peried. To
obtain further information on thsse pointe a couparison of the engyre ac-
tivity was mado using 25, 50 =nd 100 men. of whole liver homogenate from
male rate with inoutation periods of 30 and 60 minutes. The results of
this experinent ave sumarized la Table L. - The results ere expressed in
torma of ths ¢otel amount of p-minobsnioic zold in ths nedium under each
experimyntal conditien snd as the amount por 100 mgn. of tissue per 60
nimates. Tha resulty indicatz that the activity ie dependent upon the
tiscue level and the tincubation time Trne ovly deviation from linearity
ceeuried with 100 mgr. of liver and o O60-minute iscubstion period., On ths
taois of this experimon’ we solscted a G0-ninute reaction time for all subse-
quent experiments. Two tissuo levels of 25 and 50 mgn. wers used for erch
assty cn the livers of adult animals in subsequent experiments. When tia
activity vao lower es it was in the livers of wesnling rats, 50 and 100 mgm.
of liver were uszed and curing the age roriod when the reductase activity of
the Livor vag incroasing, threo lovels of tissve (25, S0 and 100 mgn.) wero
used.

G tho basls of t!w exvorimonto daserited ebove, the final awsay
oyster dovolored for mossuring the raductase activity of aniral tissues ror.-
tained the following cormstitucata: 05 ml., of r-nitrobansolc acid (1 iagm./
ml.}, 0.25 ml. of glucose-S-pavsphata (20 mg./mi.), 0.1 ml. of triphospho-
pyridino nucleotide (1 mgn./ml.), O.1 5nl. of ‘nicotinamide (1 mpm./ml.), 0.5
ml, of O.1 M yhosphato buffer (pH 7.4), 0.25 and 0.5 ml. of 10% whole liver
hemogenets (25 mgn. ard 50 mgnj, and rafficient distilled vater to make & .
£inal volums of 3.0 m). The raachiicn mixture was placed in Warburg vessels
with the liver in tho eide-.rmo. The veools were gaesed with 958 nitrogen
and 5% carbon dioxide for five minutes. After fivs mimites equilibration at
38" C., the liver was tipped from the slde-arms into the main camparimeata
of the wessels snd the reaction wan carried out for one hovr. At the end oo
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this period 2 ml. of 15% trichloracetic acid wap added. The samples wero
placed in centrifuge tubes and centrifuged for five minutes at 1,500 rpm.
One aliquot (1.5 ml.) of the reaction mixture was used for measursment of
the amount of free p-aminobensoic acid in the medium and another 1.5 ml.
aliquot was hydrolyzed by addition of 0.3 ml. of concentrated hydrochlorio
acid with heating in a boiling water bath for 30 mimtes. The totel p-
aninobensoio acid was measured on this saxplo,

TABIE )4
VARIATION IN REACTION TIME AND TISSUE LEVEL ON THE

REDUCTASE ACTIVITY OF THE LIVERS OF ADULT,
MAIE RATS

Reductane Activity

' Roaction Time
Liver (mgm.) (Minutes)

+ p-Aminobensoic « peAminobenzoic
N:cm Per Sample Pﬁm/loo mg. /Hour

25 5.6 4.8
S0 30 10.6 h2.6
100 22,3 4.6
25 1.1 Wil
50 60 22,6 hS.2
100 3.3 3.3

Redustase aotivity of the livers of adult rats and mices The re-
ductase aasay p 80 wa3 8t & measuresents of
the enzyme activity of the livers of adult mdile and female rata and to tho
livers of male mice. For theso messurensnts groups each conta four
animals were used, The ansays wers perfomed in duplicate using 25 ngn. and
50 mgm, of whole liver homogenate. Both the freo p-aminobensoic acid and the
totsl amount after hydrolysis of the acetylated airine wers measured. The
latter value gives the tirue indication of reCuctase activity and the differ-
enoe betwesn the total and froe p-aninobenzoic acid ropresants the amount
conjugated presumably by scetylation. The results of these measurements ars
sumariged in Table 5 where the average and rango of values are presonted. It
my bo seon from these data that the individuml differences in ensyme activity
were small. Thore was no eex difference in the activity of the ensyme in rat
liver. This finding may be contrasted with the 2 to 3-fold higher activity
:51 oer%;!).n oxidative ensymes in the liver micrccomes of male rats than ih fc-

o0 °

Othor investigators have reported (10) that the recductase activity of
rat liver is extremsly low. They obtained only 0.17 M of p-aminobensoic scid
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from incubation of p-nitrobensoic acid with 500 mgm. of liver for three
hours. When our results are caloulated on the same besis, we obtain 3.1
AM of p-aminobensolc acid which is 18 times the activity reported by Fouts
and Brodie (10). These investigators also reported that mouse liver has
about nine times higher activity than rat liver in contrast to the absence
of a species difference in our axperimentd, Since they did not take into
consideration the acetylation of p-aminobenzoic acid or the depressant
;:t:mgh levele of nicotinamide, the validity of their conclusions

TABIE 5
REDUCTASE ACTIVITY OF THE LIVERS OF ADULT RATS
AND MICE '
Reductase Activit
(nens p-Aminobensoic Aam/{oo ngn./Hour)
Species | Sex Free Total
Average Renge Average Range
Rat Males 802 (705‘9.3) 28.7 (2700—'3000)
Rat Fenales 906 (748‘-1007) 2906 (2806‘3006)
Mice Males 1.6 (1047*1?«7) 28.4 (2509“'2909)

Rate of development of reductase activity in the

male retz, 710 ascertain whethor tho requctase activity o

livors of
¢ the liver og

young rats incrcases during the period Ex':lor ‘to six wacks of age, aseaysw

were conducted at intervals from 22 to

2 daye of age.

The results of

thece msasurements are summarised in Table 6 whore the average and rangs

for groups of four animals arc presented.
graphically in Figure 1.

The results are also showy
These assays demongtrated that the reductase ac-

tivity of the liver is less than one-half the nommal adult level at 22 days

of age.

normal adult lovel by 35 days of age.

Influence of LOO r of whole

of ro%o ac@ 353 F- !_I_voru o?_ ?%
X~ on on ac

rats.

x-irradiation

nale rats.

oprent of reduc
young male rats was measured on three groups each containing four young

The activity increases at a relatively rapid rate and reaches the

on the d-nl%
3

y in the livers of

All of the animals wero irradiated at.23 doys of age vhen the re-

ductase eotivity was about one-half of tho ncrmal ddult level. One group
of anirals was sacrificed at 31 days of age, another group was sacrificed



TABIE 6

RATE OF DEVELOPMENT OF REDUCTASE ACTIVITY IN THE
LIVERS OF YOUNG MAIE RATS

Age (Days)

Roductase Activi
(nar. p-Aminobergzoic Acid/100 mgnm. /Rour )

Freo Total
Average Range Average Range
22 L.5 (3.2-5.5) 0.6 (13.8 -15.5)
26 6e7 (612’702) 1907 (1809-‘20 ..\!t)
30 8.8 (8,2-9.6) 26,4 (23.6-28.4)
35 1.8 (11.1-12.0) 35.1 (33.2-36.5)
42 8.9 (8.1-9.3) 30.5 (29.0-32.0)
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Figure 1. Rate of development of reductape activity in
tha livors of ycung male vote.
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rd group was sacrificod at Ll daye of age.
The average and renge of values for the reductase activity of the livers

:
$
g
¢
£

TABIE 7

IRFLUENCE OF 400 r OF X-RAY ON THE DEVELOPMENT OF
REDUCTASE ACTIVITY IN THE LIVERS OF YOUNG,

MALE RATS
ng:a“ Aetimz io
Age at Time at Time [ Time of Sacrifice P~y ol
§ Xoray | of Sacrifioe | - After Xoray | AGA/100 ngn. Tissue
(Days) (Days) (Days)
froe Total
1°oh 2702
23 1 8 1 (20,021.0) | (25.6°28.0)
10.8 30.8
23 35 12 (20.1-13.4) | (28.6-32.5)
no3 32°°
23 Ll 21 (32.0-12.7) | (30.3-3L.L)

A comparison of the values shown in Teble 7 with those presented in
Table 6 indicates that the rata of dsvelopment of the enryme activity to the
normal levsl was not affeoted by x-irradiation. Thus it may be consludad
that the maricsd inhibitory effect of irvadistion on the development of miors-
sone oxidase systems (3,6) ropresents a solective offect of x-irradiation.

Discussion

The present investigation was undertaken to extend knowledge of the
offects of lonising radiations on the individual steps of the hydrogen trans-
port syoten of animsl tissuss. In the presont study the enrymatie reducticn
of nitro compounds to aminsg vas gtudied. This rcaction is cstalyzed by a
flavoprotein reductese ongyme syctem located partly in the nicrosone fractisn
of the liver and it requires reduced triphosphopyridine mocleotide for activityr.
Provicus studios in this latoratory (3,6) have demonstrated ttat low doses of
radiation narkedly inhibit certain oxidative ysactions catalyved by microscne
onzymes in tho livers of yowng male rate, It was, therefors, of considerable
interest to ascertain whether radiation iahibity tho dovelopment of other
nicrosone onsymes.
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In order to conduot the present study, it was nscessary to develop
a quantitative assay procedurs £0r measuring the ong-uc reducticn of
foreign chemicalo by the liver. Foute and Brodie (10) have reported some
studies on this ensyme but investigation of their aseay system indicated
that it does not meet the criteria of a walid quantitative ensyms assay pro-
cedure. A study of the optimmm conditions for measuremcnt of the reductass
activity of animal tissues resulted in the development of a quantitative
procedure in which the rate of the reaction was striotly dspendent upon the
tissus level, Under the conditions of tho assay the reductase activity of
the livers of adult rats was 18 timee higher than it was in the system used
by Pouts and Brodie (10) and we found no spsoiss difference in the reductase
activity of rat and mouse liver. .

Application of the method to measuremont of the reductase activity
of the livers of young male rats indicated that ths activity at 22 days of
age is about LOL of the adult activity. Exposure of 23-day old rats to
400 v did not inhibit the rate of development of reductase activity of the
liver. 7This finding indicates that x-irradiation hag a selective actiom in
its inhibitory effect on the development of certain ensymatic reactions cata-
lysed by microsome engymes.

The present study as well as othor experiments in this laborstory
(7,9) on the hydrogen transport system have demonstrated that rediation does
not affect reactions wvhich generats the reduced triphosphopyridine nucleotide
needed for oxidation and redustion resctions catalyzed by microsome ensymes.
Our experiments to date have provided a considerabls amount of evidence that
radiation exorts its inhibitory action on a rosction between reduced tri-
phosphopyridine micleotide and the oxidiszable substrate. Additional studies
are in progress in an sttempt to locate the exnct site of the radiation-
induoced defect in the developmont of certain microsome ensymes. inths liver.

Summary

1, A study was undertaken of tho influence of x-irradiation on the reductase
activity of animal tissues. For this study the enzymatic reduction of
p-nitrobenzoic acid to p-aminobsngoic acid was used as a measurs of re-
duotase activity. A quantitative method for measuring the reductase a.:-
tivity of animal tissues was dovelopsd by tho conduction of a series of
experiments to doternine the optimm conditions for the resction.

2. The assay procodure dsveloped during this study was applisd to the tiseues
of normal adult male and female rats and normal adult mice. No sex differ-
ence was observed in the ensyme astivity of the livers of rats and no
3:010. differences wero obecrved in a comparison of male rats and male

{1

3. Application of the assay procedure for rmeasurement of tho reductase ac-
tivity of the livers of young male rats indicated that the enzyme activity
is less than half the adult level at 22 days of ago and it increases to
the adult level by 35 days of age.
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Exposure of 23-day old male rats to 40O r of whole body x-irradiation
had no effect on the rate of development of the reductase activity of
the livers in contrast to the marked inhibitory effect of this dose of
radiation on the development of those microsomo ensymes in the liver
which catalyse oxidative changes in foreign chemicals.
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THE EFFECTS OF IONIZING RADIATINS OR THE BIOCHEMISTRY
OF MAMMALIAN TISSUES

Bernard B. Hietbrink, Marjoris Kestmiri and
Kenneth P, DuBois

This vt concerns: The results of additiona) experiments in a
study ressntly uRdertaken £6 obtain information on the effert of ionising
radiations on the devslopment of the phosphorothioate-oxidising ensyme
system in the livers of young male rats. The present study was primarily
ooncerned with the ability of partial body shielding and 2-mercaptoethyle
smine (MEA) to reduce the degree of radiation-induced inhibition of the
synthesis of the ensymo system. Experiments were undertaken to obtain in-
formation on the influsnce of the radiomimotic agent, methyl bis(2.-chloro-
ethyl)anine (HN2), on the development of this detoxification mechmimm.
The effect of MEA on the radiation-induced inhibition in the normal develop-
ment of resistance in young maele rata to the cholinsrgic phosphorothiocate,
0,0-diethyl O-(L-methylthioem tolyl] phocphorothicate (TMP), was also
testod.

Immedinte or ultimate lication of the results: Results of our
recent studles have shown That {trlslng radistions Iridbit the development
of the enzyme system responsible for the oxidative desulfuration of certain
drugs and toxic agents in the livers of young rats. Initial studies indi-
cated that doses of x-irradiation as low as 100 r markedly rsduce the rate
of devulopment of this detoxification mechanism. In subsequent experiments
it wvas found that the radiation-induced inhibition of the development of
this ensyme system is reversible at four to six weeks after 100 r or 200 r
of x~ray. It was also found that when the liver area is exposed to 400 r
of x-irradiation with the remainder of the body shielded, inhibition of the
synthesis of these ensymas does not occur, and that the inhibition caused
by 200 r of radiation can be prevented by the aduinistration of MEA prior
to x-ray exposure. The present investigation is a contimation of these
atudies and it has been primarily concerned with the effect of higher doses
of radiation on the development of the microsome oxidases in the livers of
partially shielded or MEA-treated rats. Tha results of these studies indi-
cate that the administration of 600 r of x-irradiation to the liver ares
causes a substantiasl inhibition in the development of this cnsyme system
and that MEA prevents the marked inhibitery effect of L0O r of total-body
x-rayo It 1s anticipated that experiments of this type will provide further
information which will lead to & more complete understanding of the influence
of ionising radiations on the biochemical consituerits of aniial tissues.
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During the past several monthe we have baen investigating the sffocty
of ioniring radiations on the synthesis of enzymes in the livers of young
male rats whioh catalywe the motabolism of dimethyl.-2-(k-oxo-1,2,3-bengo--
triasinyl-3-mothyl) phosphorodithioate (guthinon, DBD). Previous studies in
this Jaboratory (1) showed that x-irradiaticr markedly inhibits the synthesis
in regenerating liver of the enzymes which catalyze the oxidative desulfur-
ation of this phosphorodithiocate but that radistion had ro effect on the
microsomal ensymwe activity in the livers of adult rats. These findings in-
dicated thai x-ray inhidbits the formation of the enzyme system but does not
affect the activity of existing enzymes. Studies wera then uncertaken to ob-
tain information concerning thc influence of ionizing radiations on the
syntheais of the ensyme systom in the livers of young rats +hich is responsi.
ble for the oxidative desulfuration of certain chemical agents.

The initial studies on the effects o raclation on the aynthesis of
the phosphorothicate oxidiring erzyme aystem2 in the livers of young male
rate demonstrated that 200 r and 40O r of x-ray slroat completoly inhibit
the normal development of the encyme syetem during the firet thres weeks
after expusura (2). Subssquently it was found thut doses of total.-body
x-irradiation ss low ap 100 1 cavged subatzniial recuctions in the rate of
synthesis of the enzyme gyst'm (3) and that this inhibition is raversible at
four w five woeks after 100 r or 20U r of x-ray (). Expsrimonts undertaken
to determins whether a radieticn-indiced decrange 1n atdrogens was responsi-
b'e for the daley in dowalomaeny of Yhie ensyae ghowad that whielding of the
tostes or daily injlection of toatostereng proplovats did not prevent the in-
hibitory ofZest of 220 r or 0O i+ of x-irendiation on the gyatheais of the
drug metabolisiny cravan (3). In view of thoss “esults, it «an of interost
19 Jdeterming ¢l.o erfect of shdelding tha hody vwhile irradinting the liver
area. It was found thet the aduinmagiration of L00 r o7 x-irradiation to the
liver area only couy not inhibit vhe developmant of tho enzyme responsible
for drug mutavelisn in thiy ticsue. The procant cepord describves tho re-
sulta of addi:lonal ciparizenso cn tue influsnce of nizher doses of x-ray
to the liver at:za op tha wynihesug of <his chays: eyetenm.,

Experiiients ware undavtake: te obtain information concerning the in-
fluence of MEA, one cf the mout affective radlopisicetive agonts in vals. on
the redintion ncduced inkititicn of the davalopment of tha phosphovothiosnte:
oxldlsing enzyres of the liver. 1t was found Chat 200 mpm. - -kgi. of MEN glwen
ten mirutes bafore 200 r ¢f x-irraliation completely rreventad the inhibition
of engyme synithapir cawged by tiis dose of radiation (4). The results of
furthor wtudlsg wneoerning the ability of MEA to prevent the radighion:-
induced anhibition of the syathacia of the liver oxldaus system are cdesoribad
in this repor:. Data are alsc included in tho present repori on the effoot
of the radiomiustic compound, IN?, on the gynthoaie of this ensyme system ond
the influrmce of Mil cn the development of resistance in x-irradiated, y:ung
nale rato to he toxicity of 0.C-diethyl O-(L-methylthio.m-tolyl) phosphore
thioate (IMP) .

Materials and Methods, Young, msle Sprapue-Dawley rats were used
for those exparimenta. The aninals were maintained {n air-conditioned
quarlers and wore given Rocklend Rat Liet and water ad libitum. X-irradistiun
w28 Adninivtered an a oinple exposurs with a G. E. KazIlmar therapy unit ce-
ploying the following radiation factorn: 25C KVP, 15 1a., ¢ 25 mm Cn and
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1 om. Al added filtration. The target-animal distance was 75 om. giving a
dose rate of 34 r to 35 r per mimte as measured in air with a Victoreen
ionisation chamber. For experiments on the effect of partial body shielding
on the development of the drug metabolising ensyme system, weanling rats
vere anesthotised with aqueous solutions of sodium pentobarbital (25 mgm./
kgmo intraperitoneally) to facilitate accurate placement and maintenance of
the lesd shields during radiation exposure. Aquecus solutions of HN2 and
neutral aquecus solutions of MEA were prepared daily and injected intra-
peritonsally within 15 mimites in all instances.

For the enzyme agsays the rats were sacrificed by decapitation and
the livers were quickly removed, weighed and homogenised in cold distilled
water. Solutions of guthion (0.1 M) were d in varn ethanol. The
alooholic solution was then diluted to 1 x 10U K with distilled water.,
Cuthion was converted to its active metabolite by the method developed by
Murphy and DuBois (S) in this laboratory and by a modification of the method
used by Comney et al. (6) for other reactions catalysed by microeome nnsxluo
The latter method utilises 0.1 ml, of triphosphopyridine mucleotide (TPN
(1 vo/-la)’ Ool m1. of ‘h&"‘&p{ls’phlu (10 .’o/‘lo), 0.4 ml, of
adenosine triphosphate (ATP) (1 x 10~ M), and 0.1 ml. of potassium chloride
(2 M) 4n addition to 80'1 ml, of O.1 M phosphate btuffer (pH 7.2), 0.3 ml. of
niootinamide (1 x 10~ M) and 0.5 ml. of diphogphopyridine nucleotide (DFN)
(1 mgn./ml.). Each Warburg vassel also contained 0.1 ml. or 0.2 ml, of a
2.5% aqueous homogenate of liver (2.5 mgm. or 5 mgm. of tissue), 0.3 ml. of
aqueous guthion solution and sufficient water to make a volume of 3.0
mle These mixtures were incubated for ten mimutes at 38” C. following an
initial S-mimute equilibration period. A 0.6 ml. aliquot of the reaction
mixture was added to the cholinesterase test system of DuBois and Mangun
(7) and the amount of active metabolite formed was determined from the
mmount of inhibdtion of rat brain cholinesterase activity. The activity
of the snsymes which catalyse the oxidation of guthion was expressed in
terme of arbitrary units of active metabolite formed per S mgm. of fresh
liver per hour and was calculated according to the procedure of DuBois et
al. (8). Qualitatively similar effects wers cbeerved in both systems btut
The system oontaining the reduced triphosphopyridine nucleotide was about
twice as active. The data presented in this report was obtained using the
more sotive system.

influence the inhibitory effect of 200 r of x-ray on the t of the
phosphorothiocate-oxidising ensyme system in the liver (2). More recent &x-
periments (3) have 1llustrated that this inhibitory effect of 200 r of
x=-irradiation on the ensyme synthesis was substantially reduced ty shielding
the liver area and that when the liver area was exposed to 200 r or LOO r
of x-rey with the remainder o the body shielded, development of the drug
metabolising enzyme system in the liver was not inhibited., The

study vas undertaken to determine the inflnence of higher doses of x-irradi-
ation on the development of the ensyme system in the liver. PFor these



18

experiments 23-day old male rats were snesthetised with 25 mgm./kgm. of
sodium pentobarbital and lsad shields were placed 20 as to shield the en-
tire body except the liwver area. This ares was then given 600 r of
x-irradiation. The animals were sacrificed at various intervals during
the following three weeks, a portion of the liver was removed and the
nicrogome oxidsse activity was messured. The results of these measurements
are shown in Figure 1 where each point on the curves is the average of
measurements on the livers of at least three-animals.

The effect of 200 r of whols body x-ray and of LOO r of radistion

to the liver area on the development of the enzyme system in the livers of
young rats has been presented in previous reports and is included in Figure 1
for purposes of comparison. The data illustrate that 600 r of x-ray to the
liver srea, like 40O r to this area, enhances the development of the phos-
phorothiocate oxidizing ensymes in the liver for approximately 10 to 12 days
following the radiation exposure, however, thers was a substantial inhibition
in the rate of synthesis during the 12 to 21-day period following 600 r of
x-irradiation.

Influence of 2-mercaptoethylamine on the radiation-induced inhibition
of the development of the lg pEorotﬂW-ﬁﬂ‘dﬁW

IIvers of yo male rat.n e results of studies presen our previous
report () % d that 200 m .. of MEA prevented thes inhibition of the

development of the phouphorothioute-oxiduing enzyme caused by 200 r of
x-irradiation. To obtain additional information on the ability of MEA to
prevent the radiation-induced inhibition of the development of the drug
metabolising enzyme in the liver, 23-day old male rats were given intra-
peritoneal injections of 200 mgm./kgm. of MEA ten mirutes before 100 r of
x-irradiation, The unimals were sacrificed and a portion of the liver re-
moved for enzyms measurements at frequent intervals for s period of thres
weeks after x-irradiation. The results of these measurements ars presented
in Figure 2 whore each point on the curves for the irradiated animals is the
average of measurements on the livers of at least four animals and each point
on the control curve is the average for 8 to 10 animals.

The data in Figure 2 show that 200 "A/Wa of MEA given before LOC r
of x-ray substantially reduced the degree of radiation-induced inhibition in
the development of the phosphorothioate-cxidizing enzyme system in the livers
of young male rats. It is apparent, however, that LOO r of x~irrsdiation has
caused a delay in the development of the ensyme system in the MEA-trested
animals. Thus it appears unliksly that the radioprotective activity of MEA
would be sufficient to prevent the iahibitory effect of higher doses of x-ray.

hntnn HEI) on the rnduuon-inm.d m

D .t

Influence of 2-merce

alts o d uenoe O
he ovolopnnf. of roaht.anoo 1n young mlo rats to ths acute
t.oxicity of & cholinergic phosphorothicate, 0,C-diethyl O-(L-methylthio-si-
tolyl) phosphorothioate (IMP) indicated that doses of x-irrsdiation as low as
100 r markedly inhibit the development of resistance to this agent. The re-
sulte of experiments presented above illustrate that MEA prevented the radi-
stion-induced inhibition in synthesis of the drug oxidising entyme system.
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Since this enzyme system is involved in the in vivo metaboliem of DV'P, it
was of interest to determine whether MEA would prevent the radistion-induced
inhibition in the development of resistance in young male rats to the acute
toxicity of DMP., For these experiments groups of 23 old male rats wers
given 200 mgm./kgn. of MEA ten minutes before 200 r or LOC r of x-ray.
Groups of untreated rats were also given 200 r or LOO r of x-irradiation.
Three weeks later the rats were given intraperitonsal injections of 50 mgm./
kgm, of IMP. The results of these toxiocity tests are presented in Table 1.

TABIE 1

INFLUENCE OF 2-MERCAP TUETHYIAMINE (MEA) ON THE
RADIATION-INDUCED SUSCEPTIBILITY OF LL-DAY
OLD MALE RATS TO 0,0-DIETHYL O-(L4-¥ETHYL-
THIO-M-TOLYL] PHOSPHOROTHICATE (IMP)

! | t!

Dose of X-ray | Dose of MEA ' Dose of DMP ' Survivors/ ‘, b4

(r) (mgn ., /kgm. ) l (mgm./kgm.) ! Treated :? Survival
-T 'r = i'*
v e ] 50, 19/20 | 98
200 cor i‘ o 10/ ; 100
200 g 50 i 0/18 | 0
200 200 ! 50 ; V- R
100 ; . ’ 8/10 ‘ 80
400 e 50 1 o8 I o
Loo 200 ;: 50 /9 ﬁ n
i

The data in Table 1 show that most of the unirradiated LS5-dsy old
rats tolerated 50 mgm./kgm. of IMP but none of the animals given 200 r or
LOO r of x-ray at 23 days of age survived after this dose of IMP, Admini-
stration of 200 mgm./kgn. of MEA before 200 r of x-ray permitted four of
the nine animals treated to tolerate SO mgm./kgm. of the phosphorothiocate
while one of the nine rats given MEA before 40O r survived after this dose
of IMP. The result s of these experiments indicate that slthough the de-
velopment of the axidising enzyme system in the livers of young, male, MEA-
treated rats is not substantially affected by doses of x-ray up to LOO r,
mechinisms remponsible for other steps in metabolism of IMP are sensitive
to the effects of ionizing radiation and are not completely protected by

L3

Influence of methyl bu(2ucmmb&1)m émﬁi on the dmlo%
of the pl rothilocate-oxidising ensyms sys vers of young male
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rats. The nitrogen mustards and related alkylating compounds have several
actions similar to those produced by x-irradiation. Previous studies in
this laboratory have demonstrated the marked similarity between radiation
and nitrogen mistards in producing changes in the adenosine triphosphatase
activity of the spleen and thymus glands (10), the cholinesterase activity
of the intestine (11) and in citric acid synthesis in the spleens and thymus
glands of rodents (12). Thus it was of interest to determine ths effect of
HN2 on the development of the drug metabolising engyme system in the livers
of young rats. For these experiments groups of 23-day old male rats were
given sublethal doses of 0.75 mgm./kgm. or 1 mgm./kgm. of HN2 and the animals
were sacrificed for measurements of ensyms activity at frequent intervals for
a period of three weeks following these injections. The results of thess ex-
poriments are presented in Figure 3 wherse each point on the curves represent
the average of measurements on the livers of at least three animals,

The dsta in Figure 3 show that 0.75 mgm./kgs. of HN2 did not signifi-
cantly alter ths development of the phosphorothiocate oxidizing ensyme system
in the livers of young rats. Administration of 1 mgm./kgn. of HN2 caused a
marked delay in the development of the enzyme system for a period of approxi-
mately two and a half weeks after injection. There was & marked increase in
ths ensyze activity of the livers of these snimele during the 18-day to 22-day
period after 1 mga./kgn. of this nitrogen mustard but the activity was still
substantially lower than normal at thie tims.

Discueaion

The present investigation consisted of additional experiments in a
study which was undertaksn to obtain information concerning the influence of
ionising radiations on the development of the enszymen in the livers of young
male rats which are reesponsible for the variocus steps in the metabolism of
certain drugs and toxie compounde. The results of recent studies (L) have
shown that the adninistration of LOO r of x-irradiation to the liver area of
partially shielded rats did not inhibit the developmsnt of the enzymes re-
sponsible for oxidative desulfuration of DPD in this tissue and that 200
mgn./ign. of MEA given ten mimites befors 200 r of x-ray prevented the
marked inhibition in the rate of synthosis of this syatem caused by this
dose of radiation. Soms of the experimente presented in this report were
undertaken to supplemsnt thase data. In this connection it was of interest
to determine the influence of radiation on the develoment of the ensymes in
the livers of partially shislded rats that received 600 r of x-ray to the
liver area and to obtain information concerning the sbility of MEA to prevent
the inhibitory effect of 40O r of x-irradiation on the synthesis of the
enzymes. It wes found that the administration of 600 r of x-irradiation to
the liver area did not inhibit the initial development of the ensyme responsi-
ble for drug metabolisn it that the synthosis of ths system was substantially
inhibited during the third week after x-ray. Administration of 200 mgm./kgm.
oi 1?33 before exposure to x-ray substantially reduced the inhibitory effect
[+] Lo

In view of the ubility of MEA to reduce the inhibitory effect of
x-irradiation on the developmant of the drug metabolizing ensymes of the
liver. it was of intersst to study the influonce of this radioprotective
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compound on the development of the resistance in young male rats to IMP.
Recent studies (13) have shown that IMP and similar oompounds undergo an
oxidative desulfuration to the corresponding oxygen analogues during an
initiul phase of metabolism and in this manner exert mammalian toxicity.
This reaction is catalyzed by the liver microsome oxidase, the synthesis

of which is not affected by the administration of 200 r of x.ray to MEA-
treated young rats. Therefore, in order to obtain information concerning
the ability of MEA to prevent the inhibition in the development of some of
the other mechanisms responsible for the detoxification of IMP, young male
rats were treated with 200 mgm./kgn. of MEA before exposure to X0 r or

LOO r of x-irradiation. A doss of SO mgm./kgm. of DMP is usually not

lothal to unirradiated Lli-day old rates, but this dose of IMP csused mor-
tality in 1008 of the unprotectad rats given 200 r and in a majority of the
animals given MEA prior to 200 r or LOO r of x-irradistion. Thus it is ap-
psrent that radiation causes an inhibitory effect on tho Cevelopment of some
other mechanim(s) whish is necessary for ihe detoxification of this phos-
phorothioate. Elucidation of the exact mechanisms affected by rediation re.-
mains to be discovered; however, it is anticipated that experiments current-
Jy under consideration will provide information which will aid in the locall..
zation of the radiation-sensitive site respoasible for these findings.

Tho results of the presaent oxperiments havs shown that a sublethal
dose of nitrogen mustard inhibits the devslopment of the phosphorothiocate-
oxidizing ensymea in the livar of young male rats, Thue HN2 resembles
x-irradiation qualitatively in its ability ¢o. depracs the synthesie of this
engyns system. This similarity betwsen HN2 and x-irradiation indicates that
either of theee agents may be employsd in future studies undertaken to ob-
tain information on the machanism reaponsible for the inhibition of develop-
nent of the phosphorothicate oxidase in the livers of young male rats.

Sumna Y

1. Additional studies were undertal:en to de'ermins the radiosensitivity of
the drug metabolizing ansyme system in the livers of young male rate.
The results of experiments on the influence of partial body shielding
indicatod that the administration of 600 r of x-irradiation to the liver
urea of 23-day cld rats appeacod to stimulate the synthesis of the phos-
phorothicato: oxidicing enzymes for a period of about ten days after ex-
posure but ceussd a substantial inhibition in the rate of syntheeis
during the third week following radiation.

2. The injoction of 200 mgm./kgm of MEA ten minutes before LOO r of x-ray
provided a substantial reduction in the radiation-inducod inhibition of
the devalcpment of the drug metabolising crizyme system in the livers of
young male rats-.

Measurementns of the effest of MEA cn the radistion-induced inhibition of
the development of resistance to 0,0-diethyl O--(4-methylthio.m-tolyl)
phosphorothiocats (IMP) wre parformed. For thess measuroments 23-day old
rale rats were given 200 mgm. /kzm. of MEA ten mirutes before 200 r or
LOO r of x-irradistion and were then given intraperitoneal injections of
50 mgm./kgm of DMP at Lk days of age. Results of these acute toxicity

w
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tests showed that SO nga./kgm. of IMP, an ordinarily sublethal dose,
caused 1008 mortality of rats that had been given 200 r or 4OO r while
L% and 11£ of the animals that had been treated with MEA bofore 200 r
and 40O r of x-ray, respectively, survived after this dose of the phos-
phorothioate.

Results of studies on the intluence of nitrogen mustard on the synthesis
of the phosphorothicate-oxidising ensymes indicated that 0.75 mgn./igm.

of HN2 does not affect the normal development of this ensyme system and

that 1 mgn./\gm. of this alkylsting agent causes subatantial inhibition

of the rate of development of the drug-metaboliszing system.
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THE EFFECTS OF IONIZING RADIATIONS ON THE BIOCHEMISTRY
OF MAMMALIAN TISSUES

I1I. The Influence of Various Chemical Co s on Radiation-
- Incuced Cﬁ?ﬁa In Enzyme Aotivities 5 %rﬁﬁ Rat

T{ssuss

Bernard E. KHietbrink and Marjorie Keshmiri

This report concerns: Additional studies on the influence of drugs
and other chemical comrounds on the injurious effects of x-irradiation. The
present study has been concerned with the quantitative measurement of the ef-
fect of sodium pomtobarbital (Nembutal) on the radioprotective activity of
certain derivatives of dithiocarbamic acid, dimethylammonium dimethyldithio-
carbamate (DMDTC) and sodium diethyldithiocarbamate (DEDTC), and of the in-
fluence of selachyl acetats, batyl acetate and 2.iminc=thiazolidine-l-
carboxylic acid on the radiation-induced changes in enzyme activity of the
spleen, thymus glands and small intestine of the rat.

Immediate or ultimate application of the results: To obtain infor-
mation concerning the abliity og various chemical agents to reduce the in-
Jurious effects of ionizing radiations in the spleen, thyrus glands and
small intesting of the rat. During the past several months our attention
has boen directed toward s study of the influsnce ¢f combinaticns of chemi-
chl agents on the radiation-induced changes in the adenosine triphosphatase
astivity of the spleen and thymus glands and the cholinesterase sctivity of
the intestine., It hes recently baen shown that. the combination of pento-
barbital with 2-aminoethylisothiuroniunm dibromide (AET) enhances the radio-
protective activity of AET and cysteine in rats (1,2) and monkeys (3). Our
recant studies have indicated that in most instances the adwinistration of
pentobarbitel in combination or with mixtures of the radioprotective agents,
2 mercaptosthylaming (MEA), AET and cysteine.failed to enhance the ability of
these sulfur-containing agonts to reduce the degree of radiation-induced
changes in the tiswies under investigation (4). The present report contains
additional information ca the influence of pentobarbital on the radioprotective
activity of other sulfur-containing compounds and on the ability of wurious
chemical agents vhich have not previously besn tested for radioprotective ac-
tivity in rats to reduce ths damaging effects of r.-ray in the hematopoietic
tiseues and small intastines. It is anticipatod that results obtained from
exporiments of this nature may be of valuo in the development of agsnts and
procsdures which can be employed to reduce the damaging effects of ionising
radiations.

LR 2K 2K IR B B 2 3

Molville et al, (2) have shown that the cambination of AET and
cysteine is signi¥icantly more radioprotective than either agent admini-
stered singly snd that pentobarbital enhances the protective activity of
this combination in rats and monkeys (1,3). Therefore, in our previous
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studies (L,5) we were interested in determining the influence of pento-
barbital on the radioprotective activity of mixtures of AET and aysteine
and of mixtures of other protective compounds in the spleen, thymus glands
and small intestine of the rat. The resulte of this study showed that

the adninistration of pemtobarbital bsfore MEA, before or after cysteine

or in a mixture with MEA, reduced glutathione or AET and cysteine failed to
enhance the protective activity of these agents in the tissues studied. The
mixture of 20 mga./kgn. of pentobarbital and 1,000 mgm./kgm. of cysteine
provided marksd reductions in the biological effect of 400 r of x-irradiation
in the spleen and intestine. Additional studies have recently been under-
taken to obtain information concerning the influence of pentobarbital on the
radioprotective activity of othar sulfur-containing compounds. The results
of studies presented in this roport illustrate that the administration of
pentobarbital in combination with dimethylammonium dimethyldithiocarbamate
or sodium disthyldithiocarbamate caused a marked re’uction in the ability of
these derivatives of dithiocarbamic acid to reduce the injurious effects of
u-irradiation in the hematopoietic tissues of rats.

Recent studies (6,7) have shown that various alcoholic substances
cause hemgtopoistio stimulation and have the ability to reduce ths lsthal ef-
fects of ionising radiations. Thus we have recently undertaken a study (8)

40 determine the ability of some of these aloohwols to moderate the radiation-
induced changes in the hematopoletic system and intestine of rats. In initial
studies it was found that batyl alcohol cauvses a marked incrsase in spleen
sise in the wnirradiated animal (5) and provides & moderate degree of radio-
protsction in the spleen when given before or immediately after LOO r of x-ray
(9). Subsequent studies showed thst the administration of 1,000 mgn./kgm, of
propylene glycol immediately after LOO r or doses of othyl alcohol ranging
from 200 mgm./kgm. to SO0 mgm./kgm. either before or after x-irradiation pro-
vided a substontial reduction in the biological effect of x-rey in the spleen.
The present investigation consisted of ireliminary studies undertaken to ascer-
tain the radioprotective activity of selachyl scetats, an unsaturated alcoholic
derivative having a chanical structure gimilar to that of batyl slcohol, and
of batyl acetate. The results of experiments undertaken to determine thes in-
fluence of 2-imino-thiszolidine-l-carbuxylic acid (roaction product of cywtine
hydrochloride and potassium cyanide) on the raiiation-induced changes in the
ez{mo activitioes of the spleen, thymus glands and small intestine are also in-
oluded.

Materials and Methods. Adult, famale Spraogue-Dawley rats were used
for these experimente. The animals wore housed in air-conditioned quarters
at 68 to 75° F. and were given Rockland Rat Diet and water ad libitum,
X-irradiation vas adninistered as a single whole body exposure with a 0. E.
Maximar Therapy unit emplcying the following radiation factors: 250 KVP; 15
ma., 0,25 mm. Cu and 1 mm. Al added filtration. The target-animal distance
was 75 om. giving a dose rate of 3 r to 36 r per mimute as measured in air
with a Victoreen ionization chamber, Selachyl acstate and batyl acetate were
dissolved in a mixture of 80% propylens glycol and 20% ethyl alcohol. The
procedure employed for the preparation of 2-imino-thiazolidine-L-oarboxylic
acid is presented in detail elsewhere in this progress report (10), All other
compounds tested for radioprotective activity were injected as aqueous so-
lutions. In all cases the concentrations wers adjustod to permit injeotions
of total volumes not exceeding 1.2% of the body weight.
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The sdenosins triphosphatase activity of the spleens and thymus
glands was measured according to the method of DuBois and Potter (11) using
0.5% homogenates of spleen and 1X homogenstes of thymus glands. Assays
were performsd in dupliocste using 0.1 ml. and 0.2 ml. of each aquecus tissue
homogemate. Inorganic phosphorus wms determined by the method of Fiske and
Subbarow (12) and the ensyme activity was expressed as miorograms of phos-
phorus liberated from adenosine triphosphate by 1 mgm. of tissue during a
1S5-minute incubation period. The acetylcholinesterase activity of the small
intestine was determined by the manometric method of DuBois and Mangun (13).
A portion of the small intestine was freed from the mesenterio commective
tissue and fat and longitudinally dissected to expel the contents. The
tissue was washed with distilled water, blotted with filter peper, minced
and homogenized in Ringer-bicarbonate btuffer, Measurements were conducted
in duplicate using 50 mgm. of tissue per Warbturg vessel. The vessels were
gassed with 5% and 958 Np for five mimutes. Carbon dioxide evslution
was recorded at S-mimute intervals for & period of 30 mimtes following a
preliminary 1l0-mimute equilibration. Acetylcholinesterase activity was ex-
pressed ag microliters of CO, evolvusd per 50 mgm, of tissue during a 10-
mimute incubation period. The degree of radioprotection provided by the
chemical compounds in the tissues studied was expressed as per cent re-
duction of the biologically effective radiation dose. The data presented
in this report was calculated using the dose response curves snd methods de-
scribed in a previous report (9).

Resulte

. B O0mD t m 0 b od o>
various sulfur-c:ntaining compounds on the injurious effects of radiation in
the hematopoietic tissues and intestine of rats has been desoribed in previous
voports (L4,5). In many instances it was found that pentobarbital reduced the
radioprotective activity of thase sulfur-containing agents, It was, therefore,
of interest to determins whether pentobarbital his a similer influence on the
radioprotective activity of the derivatives of dithiocarbamic acid. For these
experiments groups each containing four rats weroc given 25 mgm./kgm. of pentc-
barbital at various intervals bafore or after injection of dimethylammonium
dimethyldithiocarbamate or sodium diethyldithiocarbamate and then sxposed to
LOO r of x-irradiotion. Three days later the animals were sacrifioced for
adenosine triphosrhatase asseys on She spleen and thymus glands and cholin-
csterasc measuremants on the intastina. The results of these meazurements
are presented in Table 1.

The data in Table 1 indicats that the administration of pentobarbital
before or after injections of dimethyldithiocarbamnte of disthyldithiocsrbamate
blocks the radioprotective activity of these’'compounds in the hematopoietio
tiesues (9). The administration of diethyldithiocarbsmate ten mimites before
and pentobarbital irmodiately after LOO r of x-irradiation enhanced the
damegzing effect of radiation in tho intestina.

The influence of various chemical agents on the changes in enzyme nc.
tivities of the splemins, thymus glands and mall intestinea o; rats iﬁ days
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after r of x-irradiation. Our previous studies (L,5,8) have indicatad

yi a s PrOpy. glycol and ethyl aloohol provide a moderate
degree of protection against the injurious effects of x-irradiation in the
spleen. These studies also illustrated that repeated injections of batyl
aleochol caused a substantial increase in the sise of the spleen. Thus it
vas of interest to determine the influence of selachyl acetate, an unsatu-
rated compound having a chemical structure similar to that of batyl aloohol,
and batyl acetate on the radiation-induced changes in the ensyme activity of
the spleens, thymus glands and intestines of rats. For these experiments
groups each containing four rats were given doses of 10 mgn./kmm. or 50
ngn./kgn. of selachyl acetate or 30 mgn./kgm. of batyl acetate five mimutes
before or immediately after 40O r of x-irradiation. Thres days later the
animals were sacrificed for adenosine triphosphatase assays on the spleens
and thymus glands and cholinesterase measurements on the small intestines.
The results of these experiments are presented in Table 2.

The data presented in Table 2 illustrate that the administration of
10 ngm./kgm. or 50 mgn./kgn. of selachyl acetate five minutes before or
imgediately after 40O r provided significant reductions in the bioclogical
effect of radiation in the spleens, did not substantially protect the thymus
glands and appeared to enhance the offect of x-ray in the intestines. The
injection of 30 mgm./kgm. of batyl acetate five minutes before irradiation
reduced the degree of radiation-inducscd change in ths adenosine triphosphatase
activity of the spleen but had only a slight beneficial effect in the thymus
glands and intestine. Batyl acetate did not significantly reduce the dmmaging
effacts of 40O r in ths hematopoietic tissues and provided a 168 reduction in
the biological effect of this dose «f radiation when given immediately after
X-rayo

The results of exporiments presented elsewhere in this progress re-
port (10) show that 2-imino-thiszolidine-y-carboxylic acid, a metabolite
formed during the detoxification of cyanide, provides significant protection
againat the lethal effects of x-irradiation in mice when adninistered either
before or after x-ray. In order to obtain information soncerning the ability
of this compound to reduce the damaging effects of radiation in the hemato-
polstic tissues and intestines of rats, 125 mgm./kgm. of the thiazolidine
(expressed as equivalents of HCN) was given 25 minutes before or 25 mimtes
after 400 r of irradiation. The results of *hese preliminary studies show
that 125 mgn./kge. of 2-imino-thiazolidine-l-carboxylic acid provides signifi-
cant protection to the spleen when given bsfore x-ray and reduced the degree
ﬁf radiation-induced change in the spleen and thymus glands when given after

00 v,

Discussion

This investigation consisted of a oontinuation of experiments under-
taken to obtain informstion oconcerning the influsnce of sodium pentobarbital
on the radioprotective activity of certain sulfur-containing ocompounds snd to
evaluate the degree of protective activity provided the spleens, thymus
and intestines of rats by various chemical agents. Melville et al. (1,2,3)
have found that pentobarbital incrsases the radioprotective activity of the
combination of AET and cysteine in rats and monkeys. Our recent studies have
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indicated that in most instances the injection of psntobarbital in combi-
nation or as a mixture with AET, MEA, oysteine or reduced glutathione does
not significantly increase the protective activity of these sulfur-ocontaining
agents in the tissuss under investigation. The results of the present studies
indicate that pentobarbital markedly reduces the radioprotective activity of
dimethylammonimm dimethyldithiocarbamate and sodium diethyldithiocarbamate in
the spleen vhen it is administered before or after the carbamate derivatives
or lmmediately after x-irradiation.

The results of recent studiss (4,5,8) on the influence of batyl aloo-
hol, propylens glycol and sthyl alcohol on the injuricus effects of x-irradi-
ation in the splesn, thymus glands and small intestines of rats stimlated our
interest in obtaining information on the radioprotective activity of the closely
related compounds, selachyl acetate and batyl acetate. The results of pre-
liminary studies indicuted that sslachyl acetate provided substantial pro-
tection to the spleen vhen given either five mimites before or immediately
after LOO r and that batyl acetate causes a significant reduction in the blo-
logical effect of radiation when given five minutes before x-ray. Studies are
currently in pegress to obtain information concerning the influence of these
agents on the lethal effects of ionizing radiations.

Studies wers undertaksn to obtain information concerning the radio-
protective activity of 2-imino-thiazolidins-l-carboxylic acid, a metabolite
formed in the detoxification of cyanide with the following chemical structure:

This sgert is of particular interest because of its strustural similarity to
AET. The ability of 2-imino-thiazolidine-hcarboxylio acid to protect mice
from the lathal eflects of x-irracdiation is pressntad elsewhere in this re-
port (10), Administration of 125 :ugm,/kgm. of thiagolidine 25 mimutes before
or after x-ray provided subatantial roductions in the biological effect of
4OO r in the spleen. In view of the preliminary nmature of these results, it
is epparent that additional studies are required to more accurately evaluate
the radioprotectivs activity of this compound in rats-

Suwary

1. A study was conducted to detomine the influence of sodium pentobarbital
on the radioprotective activity of dimethylammonium dimethyldithiocarbam.
ate (IMDTC) and sodium diethyldithiocarbamate (DEDIC) in the epleens, thymus
glands and small intestines of rats. Administration of 25 mgmo/kgm. of
sodium pentobarbital five minutes before or after IMDTC or DEDIC merkedly
rog:cod the radioprotective activity of these derivatives of dithiocarbamic
asla.
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The influence of selachyl acetate and batyl acetate on the changes in
the ensyme asctivities of the spleen, thymus glands and intestine of the
rat vas investigated. It was found that the injection of 10 mgn./kgm.
or 50 mgn./kgn. of selachyl acetate five mimites befors or immediately
after 4OO r of x-ray provided substantisl reductions in the biological
effect of LOO r in the spleen tut did not significantly benefit the
thymis glands and mall intestins. Administration of 30 mgm./kgm. of
batyl acetate five minutes befors LOO r of x-ray also provided sub-
stantial protection in the spleen but only slight reduction in the bio-
logical effect of radiation in the spleen was observed when batyl acetate
was given immediately after LOO P,

Results of preliminary studies indicsted that administration of 125
ngn./kgn. of 2-imino-thiazolidine-ii-carboxylic acid (expressed as
equivalents of HON) 25 mimutes before or 25 mirmutes after x-irrediation
provided 37% and 33% reductions, respectively, in the biological effects

of LOO r in the spleen. This treatment falled to reduce the injurious
effeuts of x-ray in the small intestins.’
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THE INFLUENCE OF EXPOSURE TO 1OW LEVELS OF GAMMA OR PAST
NEUTRON IRRADIATION ON THE LIFE SPAN OF ANIMALS

1. Modification and Dosimetry of the Plutonium=Beryllium Neutrom
Trradiation Facllity

Ja Doull, Ao Sandber(; and Do G, Oldfield

This report concerns:t A desoription of certain changes in the
existing Towslevel fast neutron chronic irradiation facility of this
lsgboratory which were made to increase the flexibility and usefulness of
the facility in the chronic irradiaticu prrograms now under way, and pree
limnary caloulations of the effect of these changes on the dose distri-
bution within the facility.

Immediate or ultimate application of the resultss It is plammed to
use the modlfTed fast neutron chronic irradlation facliity described in this
report to investigate the pathogencsie of certain chronic irradiation effects
and to correlate some of these effects with radiation-induced changes in the
life span of mice.

#* I 4 3 I 3 K

The 200-curie polonium-beryllium point source used in the original
chronic fast neutron irradiation studies in this laboratery (1) had two
major disadvantages for the nresent racdigtion programs. Because of the
relatively short halr=life of this sowrce, it was necessary to frequently
re-adjust the position of the exposure cages in order to maintain a conatant
dose rate during the exposure period, To eliminate this difficulty, the
polcnium-beryllium point source has been replaced by a plutonium=beryllium
gource. The second disadvantage of the previous facility was that the
spherical geometry imposed by the point scurce limited the number of cages
and animals which could be irradiated simltaneously at any given dose rate.
In the present facility the point sowrce has been replaced by a linear source
haviong a total length of about "6 em, This permits the exposure cages to be
arranged in a nearly cylindrical array, which greatly facilitates the problemc
of feeding, watering and handling the individual exposure cages. Since the
distance of the exposure cages {rom the line source is less critical in de-
termmining the dose rate within the cage than it was for the previocus point
source, more cages can be included within each of the desired dose level
groups. The range of dose rates available from a linear source is not as
rreat as that obtainable fram a compareble point source having the same
distance limitationa, and thus in order to increase the dose rate flexibili-
ty of the present facility, the lincar source is construoted of ten indi-
vidual in-line sources rather than a single source. By removing one or more
of these sourcos and adjusting the co figuration of the remaining sources,
it is anticipated that the present facility can be given more than adequate
flexibility for both the present and future chronic irradiation programs of
this laboratory,

35
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sical description of the faest neutron chronic irradiation fa-

cility, underground room which was used to house the previous polonium

um fast neutron facility has been modified to permit installation of
the present plutoniumeberyllium fast nsutron chronic radiation facility,
Theso modifications consist primarily of (1) a new source containment and
positioning device, (2) a different type of caging array, and (3) the ad-
dition of a timerecontrolled source-drive system for begimming and ending
neutron exposura. Front and top views of this roon are shown in Figures 1
and 2,

Source, ‘The source for the present facility consists of ten indi-
vidual 10-curfe plutoniumeberyllium sources, each contained in a tantalum
inner container and a stainless steel outer container, each cantainer being
welded shut. These ten sources (1.55" OD x 3.39" H) were placed in a staine
less stesl tubc (1.7" OD x 8 feet, type 30L, o. 16 BW) after the bottam end
of this tube was Yeli-arc welded shut. A 10-inch space was loft at the top
of the source stack and the rest of the tube was filled with a paraffin nlug.
The top of the tube was then soldered shut. Since the sources varied slight-
ly in their neutron emission, they were arranged in the following nanner with-
in the source container:

Source - Neutron Emiasion Position in
Number in n/sec? Container
=879 1,83 x 103 .1 (bottom)
M-877 1,81 x 107 2

M-878 1,78 x 107 L

M-880 1,65 x 10, [

M-872 1,68 x 10., 6

M=87L 1.72 x 10? 1

M-B?} 1073 X 107 8

M=876 1.83 x 10., 9

M=875 1.8k x 10 12 (top)

Msesured by the gource manufacturer
on January 27, 1961,

The tube contalning the sources and peraffin plug is attached to
tho wire rolsting cable and is freely movable within a second stainless
steel tube (2.0" @D x 16 feet, type 304, No, 16 BW) which extends from a
roint pgix feet beneath the floor of the axposure room to one foot above
the roof of this room, To nrevent moisture from entering this outer ene
closure, the bottom is welded shut and is further enclosed in a 7-foot
lenpth of cast iron well.casing vhich is embedded in concrete. The top
of this stainless steel tube 18 closed with a plug through which the hoigt~
ing cable prases. This plug serves to position the inner source-containing
tube and is, therefors, adjustable., The source holding device used in this
facllity thus provides a triple scal azainst leakage of the nlutonium and
further insures that if leakage were to oocur, the exposure room itself
would not be contaminated,
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The arrangement of the exposure cages in the present facility is in.
dicated in Mgures 1 and 2. Thin-walled, transparent, plastic cages (6.5" x
11" x 5.5") are used to house the animals in this facility, Each of these
cages will hold one rat oar 8 to 10 mice. The cages are provided with water
(four ounce bottls placed on top of each cage) and food and a crushed olay
product (Ri-Dri) is used on the floar of the cage to adsarb moisture. One
set of these cages (group A in Figures 1 and 2) 1s cylindrically arranged as
close as possidble to the source tube and the remaining cages are placed on
library type shelves which are attached to the walls of the exposure romm.
The shelves on the north, south and west walls provide six locations at each
level (group B in Figure 1) which are approximately equidistant from the
source while the shelves on the east wall provide an additiomal four positions
at each level (group D in Mgure 1) which have about the same source-cage
distance as the two corner cages on the west wall., Although the shelves m
each wall extend from the floor to the ceiling of the exposure roam, only the
center six levels are being used at the present time to avoid exposing ths
animals 1o the axtrenes in environmental temperature which exist near the
floor and ceiling of the exnosurs roomm,

In the present facility the source-containing tube is connected to a
counterweight by means of a 1/8 inch wire cable. A reversing motor drives the
cable between vre-set limits so as to raise or lower the source. Excitation
of the motor is controlled by a timer-relay system which nermits the duration
of each exposure to be pre-set according to any desired daily schedule, An
interlock system is provided to prevent the elevation of the source whemever
laboratory perscunel are in the oxposure rous, and both vigusl and audibls
alarm systens have been provided to indicate whether the source is slevated
cr within its storage ovit. The motor, controlling relays, and timers and
safoty devices are all located within the control room and are accessible
for revair regardless of the vosition of the source tube, The radiatiom
level in the control and transfer room is continuously monitored by means of
a GM tubo connected to a count rate mster and recorder. The count rate meter
is provided with an alarm system which is activated whemever the radiation
level in this area exceeds 20 millirem per houwr. Neutron sonsitive film
badges are worn at all times by the personnel using the facility, and keys
to the exposurs room are issucd only to thoss individuals directly involved
in the chronic radiation prograsms of this laboratory. A detailed swrvey by
the Health Physics Service of this university indicated that the radiation
levels in the control room and in all of the areas swrounding the exposure
room were well below the current permissible tolerance lovels far both garma
end fast neutron irradiation, These studies also demonstrated that no radi-
ation hazard exists in the exposure room when the source is in the storage
nit.

Heating and ventilation of the exnoswure room is accomplished by means
of a forced-air blower system and an exhaust duct commected to an adjacent
stack which provides continuous air flow through the roomm. The termerature
in the exposure room is held at 80 2 3° F. by thermostatic control.and is
continuously monitored by a strip-chart recorder, The present facility has
alsoc been mrovided with running water to facilitate the daily care of the

Flux and dose caloulations far the Pu-Be fast neutron chroniec irradi-
ation fa s> For blo c udies using the fas on {ac ,




Lo

several properties of the radiation field produced by the source are of in-
terest. These include: the flux of fast, intermediate, and slow neutrons
at any point in the field; the flux of gamma rays in the field and its
spectral distributions the absarbed doese due to each of the above compo-
nentsg the total absarbed dose in the fields and the distribution of IET's
producing that dose. .

As a basis of camparison with measuraments to be reparted later, a
calculation of ths fast neutron flux expected from an ideal line source of
neutrons has been made as followss

A source of overall length L om. and linear strength S/L neutromns
per second per om. is assumsd centered along the zeaxis of a cylindrical
coordinate system R, §, 8. The source is assumed azimuthally () eym~
metric, and the running coordinate of the source is denoted ®':. Then the
increnent of neutron flux dn at the field point R, 3 dus to Ehe source ele-
mt’ S‘d.'/lo, is

da = SR :TA o
fh‘ﬂ" -E'..|)2# R? im

Integrating between the limits - { to + £ , whers £ = L/2, we obtadn

1 ' 1 \
) = S 1
+ +
(L+ 0 (X -8

The plus aign is teken far A less than 5, and the minus sign for { greater
than g.

(R 4

Exanination of the funotion n(R,z) shows that far noints near the
median plane (3 smal) relative to X ), the rate of change of flux uita radive,
du/dR, i3 independent_of 3 far all values of R, Spgeitically, when RS 4s much
amaller than - #)2, thon dn/dR dec:*eaugs as 1/R°; when RS is much larger
than (£ + )¢, the dn/dR decreases as 1/R°. It can also bs shown that, pro-
vided z is less than or equal to X , no relative naxirnm or minimm of n can
exist Yar finite values of R and £ . However, when z is greater tham {, a
relative maximm can exist, Such & maxdimum ocours when the increase in flux
due %o increased solid angle exceeds the decrease in flux due to a larger
value of R, That is, the flux can increase even if the field point moves
radially away from the source, if the fiasld point "sees" moro of the source
in 8o moving.,

To spply tho above calculation to the Pu-~Be line source of this fa-
o1lity, the linear strength, S/L, was taken to be the sum of the source
sirengths of all ten individual sources {1.767 x 10° neutrons/sec.) divided
by the total length of the assembled source.(86.11 om,).
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The oalculations have been carried out over s range of radial die-
tances, R, vhich include all of the exposure positions available in the
present facility, and for those partiocular values of s which represent the
vertical positions of the cages showm in Figuwre 2. The results of these
caloulations are shown in Table 1 and plotted in Figwre 3. Carrections to
the flux calculated here, which future measurements and/ar calculations can
be expscted to provide, concern the following items: (R) the source has a
finite diameter, (b) the source strength S/L is not uniform along the length
of the source. (The tantalum and stainless steel cans which enclose the
individual sowrces result in a segmentation of the source into active and
non~active regionsy in addition, the individual sources have a serial order
in the assombled source). (o) The source strength S/L may not be independent
of the field coordinates R, #, 8, at which the source strength is measured
as assumed in this oalculation. (d) Absorption in the source oontainer
tube and source guide tube will decrease the caloulated fast neutron flux.
(e) Scattering from target material in the radiation field and from the con-
orete shielding walls may inorease the calculated fast neutron flux at ocer-
tain peints.

Regarding itan (a), the correction should be important only at field
points relatively close to the source axis. Far item (b), the carrection is
easily caloulated, and the "tapering' of asource strength toward the middle
of the source should produce a less rapid decrease in flux as 8 increases.
Regarding item (c), the use of field paints having an extremo range in s is
not at present contemplated, and no appreciable azimuthal asymetry is ex-
pected. Items (d) and (e) tend 4o annul each other's offects.

Prelimnary measurements carried out using an Eberline RiC-l paraffin-
moderated, cadmiuwn-shielded BPy tube sugrest that most corrections will be
snall for all of the oresent exposure positions, Althouch these measwements
further indicate that the calculated doge rates represent a reasonable approxi-
mation of the actual fast neutron dose rates in the uresent facility, it should
be emphasized that the total radiation dosage raoceived by the enimals in any
exposure vosition is determined not only by the fast neutron exposure but elso
by the parma contaminant from the source and the facility itself, The gamma
contaminant of the present facility has not been determined but that o the
somrce is mregumed to be samewhat less than the 0,7 pamma ner neutron result..
ing froc polomumberyllium sources.

Since all of the cage positions in the present facility except those
closest to the sowrce (Group A) are at least 60 om, from the source, the vari-
ation in flux resulting fram the use of a cylindrical cage array is less than
%207 for any group. The variation fcr the cages on the east wall (Group D in
Figure 1) is less then £10/, These calculations and preliminary measurements
sugrest that only relatively small carrections should be needed for most of
the exposurs cage positions in the facility.

Based on these flux calculations, the neutron dose far the various
groups of cages in the median plane (vertical centar of source) would be ape
proxinately as followst

Group A 3,18 rad per 10=hour day
Group B 0,47 rad per 10-hour day
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Figure 3. Calculated neutron flux at various exposure positions in
facility.
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Group C 0,36 rad per 10«howr day
Oroup D 0.2l rad per 10<howr day
OGroup E 0,13 rad par 10-howr day

(conversioyg factar for plutonium-beryllium fast neutrons assumed to be
1.91 x 10" rad per how) (2)-

The 25=-fold range in dose availabls with the present cage array
could be inoreased to 100-fold if dogired by the use of a somewhat different
type of caging around the sowrce and by extending the available cage position
space on the east wall by another foot or so. Since these values represent
calculated neutron dose rates rather than measured values, it is plamed to
countinue the use of the present cage array at least until mcasurements of
total doses at the various cage positions are completed.

Swmnary

1, This report contains a desoription of modifications which have been
made in the fast neutron chronic irradiation facility of this labora~
tory with regard to the type of sowrce, the sowrce configuration, the
type of exposure cage and the arrangement of the exposure cages within

2. These modifications consist mrimarily in the replacement of the 200-curie
poloniumeberyllim point sowrce with a 100-curie plutoniumeberyllimm line
source and the use of a cylindrical, rather than a spherical, exposure
cage array.

3: Caloulation of the neutron flux for the various exposure positions with-
in the modified facility suggest that the modifications have increased
the number of animals which can be accommodated simultanecusly in the
facility and provide a sufficiocnt rangs in dose rate far both present
and future chronic irradiation progrmms in this laboratoary.

Reforences

1, Doull, J,, USAF Radiation Labaratary Quarterly Progress Report No. 21,
October 15’ 1956’ P. 107,

2, Hine, G. J., and Dromell, G. L., Radiation Dosimetry (Academic Press,
New !a’k’ %), Po 67 .



THE INFLUENCE OP EXPOSURE TO LOW LEVELS QF OAMMA AND FAST
NEUTRON IRRADIATION ON THE LIFE SPAN OF ANIMALS

1. Effect of Dose Rate on m:e%an smrt.uu§ of Mice Exposed
(+] on on

A, Sandberg and J. Doull

This report concerns: Survival data for CPy female mice exposed to
fractionated c%'é'ﬁc Zast neutron irradiation throughout a duration of life
radiation exposwre program,

Imnadiate or ultimate application of the results: To obtain additional
informatic on the injury and recovery processes Irom chronic radiation expo-
ure, These preliminary studies have nermitted a quantitative comparison of
the effects of ohronic fast neutron irradiation with gamma irradiation fa the
life govan shortening e”fecct produced by irradiation. The effectr of chronic
irradiation will be determined qualitatively from the histopathological exami.
uation of the tissues of mice receiving gcarma and fast neutron irradiation.
From additional studles now in mrogress concerning the longevity response to
fast neutron 4rradiation, additional information concerning the effects of
variation in dose rate are being obtained which will bhe of value in determining
the euvirwuuental hazard associated with fast neutron exposurs,

LR 2R O K R 3K R

Various model systems have been mroposed in recent years for pre-
dioting ohronic radiation injury and numarcus mathematical treatments have
been applied to chronic radiation survival data. In order to determine such
effects as 1life span shortening, additicnal infarmation is needed regarding
the changes in swrvival pattarn as a function of dose rate and exposure
pattern,

In provious studies in chis laboratary concerning the effects of
chronic garma and fast neutron irradiation life span shortening was used as
the principal parameter to detcrmine the effects of variation in dose rate,
total dose, and exposure pattern (1~li), In the present study a consteant ex-
posure pattern has been employed so that the only variables are tho dose rate
and the total accumulated radiation dose,

In addition to the survival information obtained in this study,
animals have been sacrificed at various intervals throughout the experiment
80 that additional information concerning the pathological findings can be
obtained. In the previous exveriments in this laboratory histopathological
studies were carried out only on animals which had diod or were sacrificed
in a terminal condition. It is smticivated that the present experiments
will nrovide information concerning the time of onset, rate of progression
?2‘)’ incidence of the pathological findings observed in the proviocus studies

us
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Interim reports have been prescnted concerning the mortality status
of the chronic fast neutron exposure program as well as the camplete sur-
vival data for the chronic gamma irradistion study (6,7). The present re~
port contains the survival data for the fast neutron irradiated groups
throughout the entire duration of life study.

Materials and Msthods. Adult, female Carworth Farms mce vers
used for these studies. The animals were between 12 and 16 of age st
the beginning of the exposure pericd on April 17, 1961. The snimals were
housed in groups of 20 animals per cage in standard stainless steel laboras-
tory oages (9 x Ui x 7 inches) with wire mesh floors. They were rrovided
with food (Rockland Laboratory Mouse Chow) and water ad libitum. The irradi-
ated aninals were housed continuously in the fast neutron lrradiation fa-
0llity of this laboratory and the control animals were kept in an area which
olosely aprroximated the environwental conditions in this facility. Since
the animals ocould be comtinually housed in the fast neutron facllity and
irradiated while in the cages in vhich they lived, no disturbance by ade
ditional handling wap necessary. The animals were checked dally for mor-
tality and tumor incidence was noted. The temporature in the fast neutron
%gslgiagim room and the control room was tharmostatically controlled ¢o

- 3 Fo

The chronic fast neutron irradintion exposures were administered by
means of a 100-curie plutoniumeberyllium source, The average energy of the
plutonimeberyllium fast neutrons is L.5 MEV. The detailed descriptiom of
this facility, as well as the dosimetry calculations, is givem in the pre-
ceding section of thig report (8). The daily fast neutron exposwes wers
adrdristered over a 9.7 hour time period betwsen 10300 P,M. and 8100 AM,
by means of a timing circuit which activated the source-~holsting nmotor.

Resulta

Effect of clwronic fast neutron irradiation on the life & of CF
female nfce. Two groups ol mice, each o con

s ware used for these studies. One of thase groups was housed in 15
cagos which wers placed in a semdoircle 30 on. from the line sowce and the
second group of animals was located in cages which were 100 cm, from the fast
neutron gsowce,

Proeliminary caloulations concerning the dose rate foar these two
groups indicated that the group located 30 om. fram the line sowrce received
1,5 rep/day and that the doso rate for tha group located 100 om. from the
source vas Q.15 rep/day (7). PRurther calculations on the dose rate have now
been completed and indicate that the high level of neutron irrediated animals
received 1,66 rad/day and that the lowsr level received 0.2h rad/dsy. These
flgurcs are based on the neutron flux in the middle of the cage perpendicular
to the cylindrical radius from the center of the in-<line source.

The survival data for the neutron irradiated and control groups is
shown in Figure 1. The group which received 1.66 rad/day consisted of 300
animalo at the initiation of the eweriment on April 17, 1961 and the sur-
vival data presented here mre based on 26 animals, the remaining mice having
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been sacrificed far histopathological studies during the experimental period.
The second group which received 0.2} red/day also originally consisted of 300
animals and the data for this group are mresented for 275 mice, the remainder
having been sacrificed. The control group, which was corrected far animals
that were removed and sacrificed for the histopathological studies and for
the occesional animals which escaped or were insdvertenly killed during cage
changing end handling, consisted of 340 animals,

A log probit analysis of the mortality data was used to determine the
median survival time (STgp) for sach of the irrsdiation groupe and for the
control animals, The results of these detm: inastions are shown in Table 1.

TABIE 1

EFFECT OF CHRQNIC FAST NEUTRON IRRADIATION OM
THE LIFE SPAN OF CFy FEMALE MICE

Daily Dose of Past Median Swrvival
Life Span Sh
Neutra(nrl.fgx)'adiatim T%:hin (4 of Control)
0 (econtrols) 53 ra00
0.2h o1 3.7
1.66 W 22,6

The probit transformations are shown in Figure 2. These probit plots
approximated straight lincs only after an initial 15% mortality. Early deaths
befare this period straggled out quite irregulerly which suggests that there
vers two different modes of death czused by the chronic fast neutron irradi-
ation. The slopes of the probit analysis curves increass as tho radistiom
dose increases, that of the low laovel (0.2h rad/day) being groater than that
of the coutrol (0 rad/day) and less than that of the high irradiation
lovel (1,66 rad%:;g o This would suggest that chronic neutren irradiation
not only initiates tho natural processes leading to death earlier but omce
they are initiated they ure also accelerated. The hisgtopathologiocal studies
will make it possible to determins whethear or not the causes of doath were
esgentially the ssme in tha control animals es in those roceiving daily
neutron 6xXposuros

Although the survival data for the groups of mice exposed to gama
irradietion at dosco of 7 rep/day to U8 rep/day havo boen presented in a
previous report (6), the life span shortening as a function of daily dose is
mescnted in thia report so that same comparison of the offects of gmmma and
fast nentron irradiation can be made, This iz presented in Figwre 3 vhere it
can be seen that the slopes of the lines for gamma and fast noutron irredi-
ation diffor. Since tho slopes of thess curves are not the came as determined
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by the present data, the relative biological efficienoy will differ for each
per cent life span shoartening value, being greater at the lower dose leveis
and less at the higher dose levels. If the gamma curve is extended to in~
clude & life aspan shortening of 20%, the REE 1s 4.8 which agrees well with
the ul\(u)of five determined in previcus studies in this labaratory by Noble
et al, (1).

Discussion

The present studies in orr laboratory concerming the life span
shortening effects of chronic fast neutron irradiation have been of a pre-
limdnary nature to determine whether the output of the present fast neutrom
clronic irrsdiation facility is adequate to produce a wide range of 1life span
shortening. From the data presented in this report and from the calculations
concerning dose rates at various positions in the fast neutron faocility, it
sooms iikely thal this can be attaincd and the present source is adequate
to produce a range of life span shortcning of from 05 to about 5085 by varying
the distance of the animals from the sourco and hy increasing or decreasing
the daily exposure time. Since these studies have shom that this facility
is suitable for causing a wide range of life span shortening, other groups
of animals have been nlaced in the ncutron irradiation room as indicated 4n
the mrevious gection of this report vhich demonstrates the nositioning of the
five additional groups of anirals added to the study. These groups will make
it possible to obtain additional infarmation concerning the effects of dose
rato on ewrvival of chronicully irradiated animals sinca additional dospge
levels nced to be investigated to acouratoly detcrmine the relationship be-
twoen the doso rate and life span shorteming.

Since the chronic toxicity of irradiation is expected to daepend on a
balance between the continuing damagze nroduced by the radiation and the ability
of the irrediated animals to keep psce with the damare by repair processes, the
nature of the injury snd the recovery processes in these chronically irradiated
animals needs to bo investigated to dotermine their contributione to life span
shortening. It is anticipated that the histopatholorical exartination of the
tissues of the chrouically irradiated mice will pive egome indication of the
nature of thig ivjury. .

Since a rosemblsance between the Gomperts curves far irradiated animals
and non~-irradiated controls has been observed, it has boem postulated that
radiation advances the onset of the aging process, but Upton (9) in studying
the martality rate of mice exposed to atomic bomb gamma rays found that the
Oouperts curves are not only displaced o the left but are also increased in
slope at high dose levels, Strehler and Mildvan (10), in predicting the re-
lationship between the Gomports slope and radiation exposure, have shown that
the Gamerts slope will be increased proportionally to the dose rate for con=
tinuous oxposure. Although we have not applied the Gomperts analysis to our
data, the log probit analysis would sugpest that since the slopes increase
with increasing daily doss the effeots of chronic irradiation do not merely
decrease the time of cnset of the aging process.

In a recent revier concerning experimental studies in the field of
ionizing radiation eand aging, Upton (9) has compiled data from several in-
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vestigatars concerning the relationship between life span shortening and the
log of the dose rate. The data, which we have presented in this report,
agrees well with that found by these various investigators comcerning both
gemma and fast neutron irrediatiom.

Sinoce at the present time we have swrvival data on only the two
original groups of fast neutron irradiated animals, it is not poesible to
determine the shape of thoe curve of life span shortening plotted against the
log of the daily dose, but the additional groups of animals whish have been
added to this study will give soms indication of its shaps. Although ad-
ditional dose levels need to be studied regarding gams irradiastion, the re-
sults of the present investigatioms suggest that there 4s 2 linear relation~
ship betwesn the life span shortening and the log of the dose rate. Of par-
tiouwlar importence is the inclusion of very low dose rates since the results
obtained in this region will ald in determining whether a threshold phenmmena
exists. The present data would suggest that such a threshold phencmens exists
for chronioc gamma irradiation. Neary et al., (11) have shown that a straight
line provides a good £it to their results and one interpretation of this
lincar relatiouship is that a threshold of botween 1 r and 2 » dally exists
below vhich no shartening of survival time is produced. If a Gaussian ow've
is nt{ed to the experimental results. the meaning of the very low doses is
less clear,

A oomparison of available information on mortality of chronically
irradiated mioe by Neary et al. (12) suggests that the RBE for tids effect
is aboul ten, although we have found in the present st that it varies for
different life span shortening valuss, Vogel et al. (13) have dcwcnstrated
that the RBE of garma irradiation to fission neutrons for aoute 30-day
lothality 18 2,0 and that it is not significantly elevated when the doses
ere fractionated in 13 daily doses so that several subacute axposures pro-
duced effects quite similar to single exposures but differed from thoese of
chronic irradiation.

The findings of these studies and previous studies in this labors-
tory will be oxtended when the survival data of the additiomal groups under
stud{ beoome available and when the histopathological oxssination has been
campleted.

Sumary

1, Two groups of CIy female mice have been expoeed to chrenic fast neutron
irradiation at dose rates of 0.2L rad/day and 1.66 rad/day throughout
a durstion of life radiation exposure program to obtain information on
the 1ife span shartening and histopathulogical effects of this type of
radiation exposure,

2. The median swrvival time of non~irradiated control mice was 53 weeks,
while that of the irradiated groups was L1 weeks for the mice which re-
ceived 1,66 rad/day and 51 weeks far the mice which received 0,2k red/
day,
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The group of mice exposed to 0,2l rad/day exhibited a life span
shartening of 3.7¢ wiile the group which was exposed to 1.66 rad/day
exhibited a 22.6% life span shortening,
The slopes of the probit analysis cwrves increase as the radiation dose
increages indicating an early initiation of death processes as well as
m acceleration following their initiation.
The REE of gumna to fast neutrons as determined by the present data
differs for the various per cent life span shortening values, being
greater at the low dose levels and decreasing at high dose levels.
Additional groups of animals have been placed in the fast neutron fa-
oility to obtain additional information concerning life span shortening.
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THE INFLUERNCE OF EXPOSURT TO LOW LEVELS OF GAMMA AND #AST
NEUTROGN IRRADIATION QN THE LIFE SPAN OF ANIMALS

III, Studies on the Toxicity of Rare Earth ad
usnce on on

David W, Bruce and Kemneth P, DuBols

This roport concerns:s Rurther studies on the acute intravonous tox-
icity of the rare earth oompounds of the lanthancn series whon administered
slone or in combination with whole body x-irradiation and studies to obtain
information concerning their effects on intormediary metabolism,

Ismediate or ultimate application of the results:t Becauses of the in-
crease in the industrial utilisation of the rare earth compounds, more infare
mation 1s necded on their taxiecity. Equally important is the effect of simul-
taneous exposure t0 rare earth campounds and ionizing radiations that could
result from a nuclear reactor accident, It is anticipated that this program
will provide infarmation on the taxicity and biological activity of these
campounds and the problems that could arise from simultaneocus exposure to
radistion and fission products,

LA B K R I N R

Intravenous toxicity studies on the rare sarth nitrates in this
1abaratary (1,2) have shown that they are highly tcxic and that a sex differ-
ence axiats with respect to the susceptibility of rats to the light lanthanons
(cerium, praseodymium, neodymium, and samarium). The iomised salts were found
to be 7 to 10 times mare toxic to female rats than to males when adinistered
as unneutralized aqueous solutions. Erbium nitrate, a member of the heavy
lanthanons, 1s highly toxic but it does not exhibit a sex differsnce in tax-
icity to rats (1),

Sublethal doses of whole body x~irradiation (50 r to 500 r) together
with intravenous praseodymium (2 mgm./kgm.) increased the number of observed
mortalitiss 317 to 57% over the moartality resulting fram praseodymium alone
(1). Studies by Melville wnd Riess (3) and previous studies in tids labora-
tory have also demonstrated an increase in nmartality of rats receiving the
rare esrth salte intraperitoneally in combination with whols body irradiatiom.
When eublethal doses of the rare carth nitrates wero given with 500 r of x-ray,
a 27% to 820 increase in mortality was observed (k).

With regard to metabolic studies, intravenous praseodymivm (2 mgm,/
kgm.) was found to have no significant effect on the blood glucoss of male
rats up to 72 howrs after adwinistrations however, in female rats an average
deorease of 537 from control valuss was noted during this time interval,

When given with 500 r of total-body x-irradistion, a 29% decrease was cbserved
in 2l howrs as camparod o a decresse of 195 for praseodymimm and 168 for x-ray

Sh
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alone (1), Sayder and Stephens (5) found that intravenous cerium chloride
caused a decrease in serum glucose of female rats followed by an inorease

in plasma free fatty acids suggesting that the first effect of cerium
ohloride vas on carbohydrate metabolism., In addition, we have found that
placing female rats on a high carbohydrate diet by the administration of a
suarose~galine solution ad libitum prior to intravenous praseodymium caused
an apparent reduction in the toxicity of this campound. It also prevented
the deorease in the endogenous respiration of liver slices found after the
intravenous administration of praseodymium nitrate (6). Oxnr studies, which
also indicated that the increased wrinary excretion 80 was not the ressom
for the decrcase in toxicity of this compound, are .%&‘c.a by the studies
of Acberhardt et al, (7) and Castellino et al. (8) who found that intra-
venous ocerium IiL;, when given as the ionlzed salt, is taken up by the liver
and exoreted by way of the bile with no intestinal reabsorption,

Materials and Methods. Adult, female Spragus-Dawley rats (200 to
250 gn,) vere used for these oxperiments. The animals were housed in air-
conditioned quarters and given water and Rockland Rat Diet ad lidbitwm, Une
neutralized aquecus solutions and collotdal solutions of praseodymium in
isotunic saline were given y tail vein. The pH of the unnoutralized so=
lution was 5.5 while the colloidal hydraxide prepsred by the addition of
sodium oarbonate to the dissolved nitrnte salts was pH 10, Dally admini-
stration of S mgnm./kem. of testosterone nropionate subcutaneously in sesame
o1l (10 mpn./ml.) was started 30 days nrior to the intravenous administration
of preseodymiwm nitrate.

Hood glucoss (total reducing valus) was determined by the method of
Folin and Malimros (9) employing the micromodifications of Park and Johnson
(10). Serial samples of whole blood (0.05 ml. in duplicate) were obtained
by sectioning the tail under local anesthesia. Tissue slices of rat spleem
were prepared using a Stadie~Rippgs miorotome (11). The slices were suspended
in Krebs-Ringer-phosphate buffer (pH 7.4). The endogenous respiration was
meagured manametrically at 38Y C. in an atmosphere of pure oxygen following
8 10-mnute equilibtration period, The Q0p values wers caloulated from the
dry weight of the tissue slices which were dried to conastant weight at 105° C.

X.irradiation was administered as a single, total«body exposure with
a G, E, Maximor therapy unit. The radiation factors were as followss 250
KVP, 15 MAey 0025 mu, Cu and 1 mm. Al added filtration. The target~animal
distance was 75 om, and the dogo rate was 35 r to 37 r/minute as measured in
air with a Victareen ionization chamber,

The nitrate campound used in this study wae obtained from lindsay
Cheetlcal Company, West Chicago, Illinois.

Resulta

The effect of prase um nitrate nlus 500 r of total=bedy x-irradi~
ation on on ous respiration of spleen siioes emale rate, The el~
(7] X on prase um on the endogenous ra on of spleen
slices was measured at 2L, 48 and 72 hours aftar simultaneous administration
of 2 mgm./kgn, plus 500 r of X-ray ar rare earth and X-ray alone, This
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conbination of the rare earth and radiation had previously been fownd to
cause 100f mortality in female rats (2). The results of this study are
shown in Table 1 in whioh the average and range of values «re given for
groups containing at least four animals.-

TABLE 1
EFFECT OF INTRAVENOUS PRASEQYMIUM AND WHOLE BODY

X~-IRRADIATION ON THE ENDOGENOUS RESPIRATION
OF RAT SPLEEN SLICES

Q02 Values
Treatment ‘Hours After Treatuent
2L L8 72
n’)z [ X X3 L X X-]
I.,¥%, saline controls (10.6-11.8)
Saline I,V plu’ 500 r 9(46 805 8.8
X-ray (9.4~10.1) (7.7=9.1) (7.9-9.8)
12.8 U5 U6
Prassodyniua 2 mgm./kgm. IoVo | 9 9% 0) | (11,7-38.2) | (123216.5)
Prlseodyrﬂ\m 2 mo/kao I,V. 9.2 8-5 899
pluﬂ 500 r X-ray (809"1009) (7»9“932) (8.3-901)

*raseodymiun sdxinistersd as the nitrate salt to groups con-
taining at least fouwr animals.

Tho axygen cansumption was decreased 12 to 134 at 2l, 4B and 72
hours after SO0 r of x-ray. Results obtained by Barron (12) agree with
those obtained at 48 and 72 hours after LOO r of whole by x-irradiation
as do thoso of Sullivan and DuBois (13) at 2l end 72 hours. However, a 53%
irhivition in endogenous respiration noted by Barron at 24 howrs snd the
inkbition by Sullivan and DuBois at 48 howrs was not found in those studies
with 500 r of x-ray.

Praseodynium given in vivo ss tho immized salt was found to increase
the endogenous respiration at the 2h, 48 and 72-howr intervals,
The ommbined effects of radiation and praseodymium were essentially the same
as those cbtained for radiation alone and the stimulatory effect of rraseo-
dymium vas mesked, Colloidal praseodymium (2 mgm./kgm.) was found to’have no
effect on the endogencus respiration of splesn slices at 2L ar 48 hours after
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administration., Aeberhardt et al. (7) found that in the case of ionic
cerium~1l} approximatiely O.5% of the administered dose was found in the
spleen for the first 72 hours while approximately 4.0 of injected colloidal
cerim (pH 10) was found in the splesn during the first 48 hours. If this
is true for praseodymium, tho next member in the sories of lanthanides, it
would tend to indicate that although more of the campound is resent it is
not active when adminigtered intravenously as a colloid.

Influence of whole b x-irradiation on rare earth toxioity. Comn-
tinuing studles (2] on the Inguenco of varying doses msw" x=irradi-
ation on mortality in female rats receiving 2 mgn./kgm. of intravenous
praseodymium metal are shown in Table 2. Oroups containing S or 10 animals
were given rare earth nitrate or x-ray alone or in combination. Prasecdymiwm
was given 10 to 15 minutes prior to whola body irradiation in animals re-
coiving both xeray and rare earth.

TABLE 2

THE INFLUENCE OF VARYING DOsSS OF WHOLE BODY
X=~IRRADIATION ON T HE MORTALITY OF FEMALE
RATS GIVEN PRASEGDYMIUM NITRATHE

INTRAVENOUSLY
Treatment Mortality | % Mortality
Prassodymium nitrate 2 mgm./kgm. I.V. 17/45 37.8
Praseodymiwa nitrate 2 mgm./kgm. I.V. plus 500 r 20/20 100.0
" n " "  plus hoo r 21/25 84.0
" " " " plus 300 29/40 72,5
" " J "  plus 200 r 15/20 75.0
" " " ®  plus 100 r 15/20 75.0
" ] " " plus S0P 30/10 75,0

Sortality based upen 30-day ocbservation period.

No mortalities oocurred among the irradiated controls at the various
dose levels vhile prassodymium alone caused mortalities in 37.64 of the female
rats. Tho cambined effects of the two toxic agents resulted in 72.5% to 100.0%
mortality, sn inorease of 3L.7% to 63.2% over those receiving only praseodymium.
It is interesting to note that 72,5% or 75.0¢ of the rats receiving SO r to .
300 r with praseodymium sucoumbed, The martality among rats receiving 400 r
was 8,0 and mong those receiving 500 r it was 100.0%,

Most of the animals died during the 48 to 72-howr period post-injection
with only an occasional death noted after 96 hours. Further studies are being
conducted to sec if a carrelation ocan be obtained by varying the dose of praseos
dymiwn.
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Influence of intravenous praseodymdun nitrate on blood glucose of
fenale rats, Decause of Uhe apparent decrease in city of Intravenous
prassodymium when 10% sucross-saline was adsinistered ad 1ibitum and be-
causs of the deorease in blood glucose in female rats after the admini.
stration of praseodymium (2), it was of interest to cumpare the effects of
an spproximate IDgo (2 mgm./kgm.) and LDyoo (I mgm./i:gn.) dose of praseo-
dymiws during the 72-howr critical times period. In this experinent serial
blood glucose doterminations wore made and the control values were obtained
2l hours prior to rare esmrth injection. In Figure 1 the effecta of 2 mgm./
kgn. and b mgm.Agm. of prasecodymium on blood glucoae are plotted as per
oent of control values, Each animal scrved as its own control and each
point on the curves represents the aversge plus or minus the standard de=
viation for yroups each containing four to eight animals.

Thraughout the observation period the eft'ect of ench dose of the
matal on blood glucoze decreased rroporticnally with time, The effeot of
L wgm./kgn. of praseodymium is approcimately twice as great at any given
time period. The variation in the zlope of the plotted curves is very like-
1y a result of the recovery of some of the snimals receiving the LDgg by tho
time that the 72-howr blood glucose valus was measured. Animals regeiving
Is mgm./kgn. did not survive the 72-hour test poriod and most of them dled
between LB and 72 hours. Additicnal studies are being conducted to further
avaluats this effect and the effect of combined whole body x-irradiation on
this phencmena.

Effect of testosterone cn blocd pluccse of femsle rats givem intra-
venous praseodymiwm nifrats. Iu a pravious siudy (2) testosterome praopiomate
(5 mgn, 2) was given dally by the aubdutanecus route for a period of 20
days mrior to the intravenous injection of praseodymium, Singe this experi-
nent provided evidence of a possible reveorsal in blood glucoss caused by the
daily admimistration of testostercnc, 1! was of interest to extend the period
of testostcrone administration to 20 days before the adpdnistration of praseo-
dymium, Ae shown in Table 3 testosicrone rariedly modified or mrevented the
decrease in blood glucose during the 2! to T72-hour period following praseo-
dymium, The culy significant dccrease (13<) was noted 1n one animal at 72
hours. None of the animals showed any outward toxic zigms and all survived
a 30-day obsorvetion neriod.

Decunsion

The resulte of thess studics sennm Lo ndrcate that the decrcase in
hlood rlucoge caused by intraverousliy adeinig“ersad nraseodymium is proportioncl
within biolorle variation to the dore of the metal durine the critical veriod
of time after adrinistrustion. The wmechaninm of z2ction of nrascodymium has not
heen elucidnted hut a vrolonred decresnse in blood suzar of i''s marnitudo 12
in 14zelf suf“icient to mroduce morialitice  leversal by tostosterone of the
effoct of nraseodyniuwn on blood #lucose and subsequent survival of the animala
indicates that testosterone iz invelv:d 4n cravonting or moddfyin;; the toxic
actione of prascodyminm rnd the observel decrcesa in blood glucoso. The in-
volvement of testosterone in the toxieity of praseodymium could account far
the 7 to 10-fold increaced susceptihility of female rats to the lipht lanthanons
ag comoared vith male rats {(1,2). In :1is connection Snyder et al. (1) have



Par Cant of Control Blood Glucose

100

80

Lo

59

.

'“T‘”"
-
7
-
/

Hours After Praseodymium

Pigure 1 Effect of intravenous praseodymium nitrete

on the blood glucose cf reg..x. rats. Lach point reprssents the
average of /3 to H animals - the standard deviation.



EYFECT OF TESTOSTERGNE CN THE BLOOD GLUCOSE OF
FEMATE RATS GIVEN INTRAVENOUS PRASEODYIMIUM

TAHE 3

NITRATE®

Blood Glucose (mgm./100 ml,)

Control Praseodymium Matal

Aninals 2 Tlgmo/k@—) IV,

1 2 3 N s 6
Control valucs | 105 oy | 101 | 118 | 104 | 108
2l hours 7 92 92 92 93 oh
48 howrs 93 92 92 92 89 9
72 hours 108 109 88 108 123 100

Srestosterone propionate was administered daily

far 30 days prior to the intravenous praseodyrdum.
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found thét a given dose of intravenous cerium chloride increased the liver
1ipid content of castrated male rats but did not affect normal male rats.

The stimlatory effect of intravenously administered praseodymius
as the ionized salt on the endogenous respiration of spleen slices camnot be
explained on the basis of resent knowledge. The studies by Asberhardt et
al, (7) indicate that a very small amount of ionized rare carth is fixed In
The sploen and although posaibly ten times as much of the colloidal compound
is deposited in the spleen, it does not have the stimulatory effect of the
ioaiged salt.

Swmmary

1, Intravenously administered prascodymiunm nitrate (2 mgm./kgm.) produced
an 11 ¢0 137 increase in the endogenous respiration of spleen slices
fran femals rats during the 24 to 72-howxr period post=injection while
500 r of whole body x-irradiation alone and in cambination with praseo-
dymium resulted in a 12 to 137 reduction in QO2 values.

2. A 3LZ to 63% increass in the toxicity of intravenously administered
praseodymiam nitrate (2 mgn./kgm.) wvas observed when given 10 to 15
;l.nuua prior to doses of whole body x-irradiation ranging fram 50 r to

00 .

3. The intravenous administration of 2 mgm./kgm. or L mgm./kgn. of praseo-
dymium as the nitrate salt resulted in a proportional decrsase with re-
spect to time in the blood glucose of female rats during the 12 to 72~
hour period following administration. At any given time during this
period, the per cent decrease in dblocd glucose from control values was
aprroximately twice as great in rats receiving L mgm./kgn. of praseo-
dymd.um,

k. The subcutaneous administration of 5 mgn./kgm. of testosterone propionate
for 30 days prior to the intravenous injection of 2 mgm./kgn. of praseo-

dymium prevented or modified the resultant decrease in blood glucose
namally seen after the aduinistration of this compound,
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THE INFLUENCE (F EXPOSURE TO LOW LEVELS OF QGAMMA AND FAST
NEUTRON IRRADIATION ONf THE LIFE SPAN OF MICE

IV, Histological Fin s in the Blood Vessols of Rats and Mice
to Acute an oniec Xe on e arious
) at Diets

D, Vesselinovitoh, R. W, Wissler, J. Meskauskas
and J. Doull

This report concarnss A comparison of the effests of acute x-ray
exposure at dosage levels of 400 r through 600 r with those of chronic X-ray
exposure at doee rates of either 20 r or 4O r per day (five days per week
for 12 weeks) on the microscopic appearance of the blood vessels of mice and
rats and the influence of various dietary regimes on these radiation-induced
changes.

Inmmediate or ultimate application of the results: These studies
remresent part of a program which was initiated in an effort to obtain infar-
nstion on the nature and causes of acuts and clronic radiation injury in the
cardiovascular system and the role of this type of injury in the development
of other types of radiatiom injuwry.

A # t dHHRN

In previous reparts (1-3) we have presented infoarmation eoncerning
the food consumplion, welght changes, swrvival time data, serum lipid values
and the gross pathological findings in the tissues of mice and rats exposed
to soute ar chranio x-irradiation while receiving various stherogenic and
synthetic high fat diets. The prosent report contains the histologiocal
findings in the tissues nf thess animals with particular attention being
given to the radiation-induced efrocts in the blood vessels.

Although the inj'mious of“ects of radistion exposure on the cardio-
vascular system have been described by a mmber of iuvestigators (L=17),
others (18-20) have failed to obsarve such changes in specific parts of the
cardiovascular system, .idditional informestion is needed concerning the com-
parative offects of radiation exposure on the different parts of the cardio-
vascular system and on the vathogenesis of the injury, There also appears
to be little information available an the effects of fractionatiom of the
radiation exposure or this type of radiation injury. In the present studioes
an attempt has been made to obtain this kind of infomation by systematically
examining the blood vessels of most of the major organs, as well as the aarts
and other parts of the ocardicovascular system. PMurthormors, by camparing the
changes in animals exposud to scute or clronic radiation it was hoped that
soms indication of the pathogenosis of these lesions might be obtained. 1In
an offort to enhance the radiation-induced changes in the cardiovascular sys-
tem;, parallel studies have been carried out in animals fed a control diet
and in groups of rats and mice fed diets which have heen shown previously to
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produce atheramatous blood vessel injury. The ability of dietary facters
to facilitate the development of atherosclerosis has been demonstrated,
but in addition to dietary factoars, injwy can play an impartant role in
the genesis of atherosclerosis by producing an inoreassd permeability of
the arterial wall or thickening of the intima (21). Although radiation
exposure might be expected to enhance the blood vessel injury resulting
from the dietary factars, it is also possible that under certain experie
mental conditions less injury might be seen histologically since high=fat
diets and particularly substances such as methyl lineolate, ethyl lineolate,
c(:ab%oed oll and other fats have been found to increase radioresistance
22 o

Matorials and Mothods., Male Spregue Dawley rats between 7 and 12
weeks of age and male Larwarth Farms Cfy mice about 10 weeks of age were
used for these studies. The nperimeut}.l design and the number of animals
in each of the dietary and xeray groups were described in a previous progress
report. The methods used for feeding und irradiating each of these groups
and the composition and mreparation of the diets has been described in pre-
vious reports (1,2).

At the end of the 12-week exparimental veriocd, all of the swrviving
aninals vare anesthetized with ether and bled to death by cardiac punctwre.
Aninmals which died dwring the 12-week exmerimental reriod ware autopsied and
the tissues repared for subsoquent histolopical examination except in a few
cases where autolysis made this immractical. The following tisvuss were
routinely taken for the histological examinationt liver, kidney, spleen,
thymus, heart, lungs, testiu, adreunl gland, lynph noder; pancreas, sternum
auu tne aorta (a8 much ac wzs posciole ¢n abtein). The tissues were fired in
neutral buffered formalin, imbedded with paraffin (except for the mouse heart.
which were imbedded in carbowax) and stained 1dth hematoxylin and eosin. Trans-
verse and fromtal frosen sections of the heart vere stained with 04l Red O for
fat and frozen sections of the aocrta (ascending, tharacic and abdominal) of
rats and of the kidney and liver of both rats and mice vere similarly stained
with Oil Red O. During these studies a special effort was made to sample the
aorta in as wmiform a manner as posaible. The swuples were taken from the
middle of the thoracio aorta and betueen the bifurcation of the iliac and
renal arteries in the abdominal amia. In cach case the sample from nesrast
the aortic origin was used for the at stain while the mare caudal samples
were stained with hematoxylin and cosin. Secoidons of all of the sortas and
most of the hearts were also staincd with Gomorits trichrome aldehyde fuchsin
for elastic tissue, collagen and smooth muscle. The Picro-Mallory V staining
method was used foar fibrin and Alizarin Red S was used for calecium in ad-
ditional sections of the sorta. A {ew scotions were alsc stained with methylene
blus for bacteria or with the Oridley funprus stain. Somo seotions of the aarta
were decaloificd with formic acid end stained for fat to detest fatty lesions
under calcium deposits.

Resulte
In an effart to bring out the main histological findings of the

preacnt studies, the resultz have been tahulated according 4o the location
of the blood vessels in terma of tho frequency und severity of the lesicns.
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The results obtained in the two species are considered separately and the
resent report is oonfined mainly to the changes which were noted in the
cardiovasculer system although most of the other tissues were examined

mdoroscopically.

Aorta. The effect of the diets and radiation alome and in combi.
nation on the aarta of the rate and mice is shown in Tables 1 sand 2. In
the rats sudanophilia of the acrtic intima vas seen in the animals fed the
Mllios and Wilgram diets and this effect was not appreciably altered by the
radiation exposwre, The x-irradiation, however, appsared to increase the
aartic intimal thickening seen in the rats fad the Thomas diet. There was a
slightly increased thrombic cendency in the x-rayed groups. The atherogeilc
diets resulted in degeneratiom, atrophy in smooth muscle cells, fibroeis and
mild infrequent calcification in the media of the aarta of the rats. There
vas inoreased dsgeneration of the media in the x-rayed animals fed the Wil-
gram and Fillios diets, Chronic and acute inflammatory cells were ocbserved
in the adventitia and the periadvential fatty tissucs of the aarta of the
rats fed the Thomas and Wilgram diets. These were observed only in the 4O »r
por day group of rate fed ths Wilgram dlet. Chronic x-ray exposure alone
caused fragmentation of the cutermost elastic lamellae and focal atrophy of
sooth mugcle cells, In the mice, x-ray exposure alone led to an increased
tendency to fooal swelling and thickening of the intima. The combination
of the Wlgrm diet and LO r per day produced less intimal sudanophilia than
the diet alone, Sudanophilia of the acrtic intima, intimal thickening and
thronbosis of the aarta was cbserved in the mice fed the Wilgram diet but
not in the animals which received any of the other atherogenic or high-fat
dists. All of the diets caused degeneration and hyalinisation of the aortic
media. The mice fed the Thamas diet exhibited necrosis and calcification of
the media but this was more marked in the animals fed the Wilgran diet.
Iipdd deposition in the smooth muscle cells similar to that observed in the
aorta of the rats was also seen in the mioce. The acrta of the mice fed the
Wilgram diet was severely calcifisd so that no estimation of the degree of
sudanophilia in the smooth muscle cells was possible although fat ataining
of an ocoasional ungelected, decalcified aarta showed that lipid deposition
vas present. A monomuclear infiltration of the adventitia was seen in mice
given 20 r per day comowrrently with the Wilgram diet. The fatty degeneration
and atrophy of the emooth muscle calls was accopamied by a swelling, hreaking
of the elastic lmmellae and a loss of the regular contours of the aortic media.
The chronic x-ray exposurs caused degeneration and disappcarance of smooth
muscle cells and hyalinizetion of the media in the animals fed the Rockland
Mouse Diet and the Mursing Purina Chow. Tke chronic x-ray exposure decreased
the incidence of caloification in the medis of the mice fed the Wilpram diet.
There was increased hyalinization of the media in the mice fed the Fillios
diet and exposed to either 20 r ar LO r of x-irradiation daily.

The effoot of the acuto x=ray cxposure on the microscopic findings in
the aarta of mice fed the various atherogenic and high-fat diets is shoum in
Table 3. The acute x-ray exposures alone did not lead o detectable morpho-
logical changes in the intima of the aorts. Furthermcre, no changes were de-
tected in the intima of the aorta of the mice fed the various atherogenic
diets except for the groun fed the Wilgram diet and exposed to the various
doses of soutc radiation where there was sudanophilia of the acrtic intima
wvith focal thickening of the endothelium. In the media of the aorta of ths
mioce fed the Wilrram diet and exnosed to either OO r ar 4SO r, there ‘as
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degencration and disappoarance of the mooth muscle cells. These offects
also vers soen in the mice fod the Wissler diet and exposed to 450 r and in
the control fod group exposed to 550 r. The mice, which were oxposed to
400 r of x-irradiation and subsequently fed the Wilgram diet, exhibited de-
goneration of the elastic lamellas which was characterised by thickening
and wrinkling and loss of the usual parallelism end these effects were also
noted in the mice fed the Nursing Purina Chow and the control diet following
the administration of 40O r and L50 r of xeray.

Coron arteries. The major histological findings in the coronwry
artories of Eﬁ rabs fed the various diets while receiving the chronic xay

exposure are shown in Table 4, In the non-irradiated animals intimal lipid
deposition was seen in the sections from the rats fed the Wilgram, Thomas and
Fillios diets but not in those from the rats fed the Wissler and control diets.
The chronic radiation exposure alone did not lead to detectable morphoiogical
changes ‘n the intima of the corcnary arteries and there were also no changes
in the sections from the rats fed the two high-fat diets (Wissler and Nursing
Parina Chow). The cambination of chromic radiation exposure and any of the
three athsrogenic diets, however, resulted in a deorease in intimal sudmo-
philia although there was focal swelling and thickening of the intima. The
rats fed the Fillios diet exhibited 1ipid deposition in the amooth muscle
cells of the media but this was not seen in any of the rats fed the diets in
combination with the chronic radlation exposwre. In Table 5 the major find-
ings in the coronary arteries of the cihronically irradiated mice are summa-
rized. lindd depositicn was sesn in the intima of the coronary arteries of
the mice fod the Wilyram diet and the highefat and control diets. IX-irradie
ation increased this effeot in the high«fat and control diets but deaorcased
the effect 1n the mice fed the Wilgram diet. Thrombosis of the coromary
arteries vas rere in the mice fod the higheTat dlet and the aambination of
this dict with elronic x-ray exposurc inoreased the incidence of thrombosis,
Iipid deposition in the smooth muscle of the media was seen only in the mice
fed the Wilgram diet. There waa calcificetion of the modia in several of the
animals fod the \Masler dict, sd x-irradiation (LO r/day) resulted in similar
offects in the mice fed the Purina Nursing diet, the control dist and the Wil-
gram diet. The effects of acute x-ray exposwre alone and in cmbination with
the atherogonic and high-fat diets ia shown in Table 6, The combination of
either LOO r or 4SO r of x-irradiation with the athercgenic diets producsd
sudanophilia of the intima and media ags well as degeneration, necrosis and
calcification of the intims and pact of tho media, Single dosees of x-ray did
not cause detectabls chanpes in the coronary arteries of the mice fed the
control diet.

Ronal arteries. Tahle 7 showas the major histological findings in the
renal arterles of the rats which were fed the various diets while receiving
dally xeray exposures of 20 ¥ or 4O r. In the larger renal arteries of the
rats fed the Thomas diet, 14ndd deposition snd calcification were seen in the
intima. A few rats fed the Wil-ram diet and excosed to chronic radiation ex-
hibited fooal intimal thickenins and thrombosis. Chlronic radiation exnoswre
did not appear to enhance the changes in the rats fed the Thamas diet althouch
some calcification of the renal arte ica was observed in these animals. The
information in Table 8 shows that there was 1ipid deposition in the intima
and media of the renal arteries of the nmico fed the Wilmram diet whereas these
oTfects werc not present in the mice fod the control diets. There was less
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TABLE U4

FREQUENCY AND SEVERITY OF MAJOR HISTOPATHOLOGICAL FINDINGS
IN THE CORONARY ARTERIES OF THE RAT

Major Histopathological

Findings Diet Or |20 v/Day | 4O r/Day
Intima
Thonas 1/7a o/1 0/6
Wilgran 2/9 a,b 0/10 0/10
Lipid deposition in and PMllio 1 /g a 0/7 0/9
on the intixma wiule: o/s 0/; 0/2
Rockland Chow | 0/h o/s o/s
Thomas 1/1 v o/1 0/6
Swelling and focal Wilgram /9 v 0/10 0/10
proliferation of Mllios 1/7 a 0/1 1/; a
the endotheliunm Wissler ‘0/s 0/; v/2
Rockland Chow | O/4 0/s o/s
Media
Thomas o/1 o/1 0/6
Lipid deposition in Wilgran 0/9 0/10 0/10
the smooth muscle Mllios 1/7 a 0/7 0/9
cells Wissler o/s o/s 0/2
Rookland Chow | 0/l o/s o/s

& = Mild; b = moderate.
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TAXLE S

FREQUENCY AND SEVERITY OF THE NAJOR HISTOPATHOLOGICAL

FINDDIOS IN TIMS CORONARY ARTFXIES OF MICE

Major m‘mm"d Diet or 20 r/Day | 4O r/Day
Intina
Th 0/6 6
wii-grum h56 a,a,a,b %6 a,a % a
14pid deposition in and | Fillioce Oﬁ % o/L
on the intima Wiassler 0, a o/l
Nursing Purina Chow | 0/8 1/h a 0/6
Purina Chow o/ 1/8 a 1/8 a
Thomas 6 6 0
e (% (B |F
Throubosd.s wmﬁ 1/; a o/L /3 b
Nursing Purina Chow | 0/8 o/h 1f6 b
Purina Chow o/? 0/8 0/8
Media
Th 0/6 o0/6 0,
¥y e o e %
13pid deposition in the| Fillios o/s o/s o/
amooth muscle cells Wiasler o o/h o/l
Nursing Purina Chow | 0/8 o/ 0/6
Purina Chow o/1 o/8 0/8
e K ve |
W
Dermeerstden wmd oulet- | ifics o o | &S
Wissler a /U a /L a
Nursing Purina Chow | 0/8 o/L 1/6 o
Purina Chow o/7 0/8 1/8 a

a = wild, b » moderate, c = marked, 4 = very marked,



TABIE 6

FREQCUENCY AND SEVIRITY OF TiE 1AJOR HISTOPATHOLOGICAL FINDINGS
IN THE OORQMARY ARTLXIES OF MICE

Kajor Hebopathologloal Diet hoor | ugo r |500 » |550 x| 600 =
Thomas o/2
14pdd deposition 4n ",,"1",,,2 2/ "‘+ 3;3 .8
the intima and media Wissler 0/2 0
Nursing Purina Chow] 0/6 o/%
Purina Chow 0/6 o/5 o/6 | o/5 | ofs
Thomas 0/2
Prrocbost nm: o 3/3
o Jursing Purina Ch 2;25 82
o}
Purina Chow 6" lors | o | s | o
Thomas /2 a
Degeneration snd calci-|Wilgras Vi a llf a
fication of the intima |Fillioce ?f
and media :u::jlz chow ;)52 . ofe a8
ux Purina
Purina Chow og o/s o/6 | o/5 | of5

a = wild, b = moderate, c = marked, d = very marked.
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TABLE 7

FREQUENCY AND SEVERITY OF MAJOR HISTOPATHOLOGICAL FINDINGS

IN THE RENAL ARTERIES OF THE RAT

g

Major "“;:g‘;,ﬁ:?“”" Diet or |20 e/pay | 4o r/Day
Thomas 1/8 a | 2/7 a,a 1/6 a
Lipid deposition in and }'ﬁ%{;’: 8’,’2 3;.3 8/
on the intima Wissler 0/ o/ 0/2
Rockland Chow | 0/L o/s o/s
Thomas 0/8 /7 0/6
Swelling and focal Wilgran 0/9 02 1/9 a
proliferation of the Fillios 0/6 0 0/8
endothelial cells Wissler Oﬁ o/! 0/2
Rockland Chow | O, 0/s o/s
Caleification Thomas 0/8 1/7 a 0/6
Thonas 0/8 o/7 0/6
Thrombosis Wilgram 0/9 1/9 a 1/9 a
Fillios 0/6 o/7 o/8

a = Mild.
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calaoification in the mice fed the Vilgram diet and exposed to the dally
wdirradiation but the x-ray exposure increased the degencration and caleie-
fdoation in the intima and media of the renal arteries of the mice fed the
Vissler diet, 8Single acute x-ray exposure followed Ly the feeding of the
various diets produced the effects sumarised in Table 9. Although the
X~ray exposure alone did not produce detectable morphological changes in
the renal arteries of the control groups, there was lipid deposition in
the iuntima and thickening of the intimsl wall in tho mice fed the Wilgram
dMet following an x~ray exposure of LOO r.

arteries. The results of the microscopic observaticns on
the pulmonery o8 of the chronically irradiated rats are showm in
Table 10. All of the atherogenic diets produced degeneration and caleifi-~
cation of the intima and media of the pulmonary artcries and these effects
amnmeared to be decrcased in peneral by the chronic x-ray exposures. Con-
versely the combination of the clronic radiation exposure and the feeding of
the atherogenic diets appeared to enhance the chanres seen in the mice as
shown in Table 8. Although there was livid devesition, caloification of
the intima and media, and thrombosis of the pulmonary arteries in the mioce
fed the Thomas and Wilgran diets, these effects (thrambosis, 1lipid deposition)
were slightly more marked in the mice exposed to either of the dosage lsvels
of chronic x-ray exposure. The major findings seen in the pulmonary srteries
of the acutely irradiated mice are shown in Table 1l. There was degeneration
and calcification of the intima and media of the mice fed the Thomas and Wil-
gran diet after x-ray doses of 4OO r and also in the mice fed the Purina
Nursing Chow after higher radiation doses. Plaqus formation was seen in the
arteries of one animal fed the Wilgram diet following exposure to
r of x=ray and thers vas thickeuning and hyalinisation of the arteriea of
the mice fod the Thomas diet after acute radiation exposure and also in the
mice fod the Mursing Purina Chow diet.

Testicular arteries. It can be seen in Table 10 that the diste
alone did not cause morphological changes in the teaticular artaries of the
rats vhereas the chronic x-ray exposure (40 r/day) produced necrosis and caloi-
fication of the intima and media of these arteries in a few animals fed the
control dlet. There was thrombosis in the testicular arterics of the rate
fod the Mllios diet and exposed to 4O r/day. In mice acute x=ray exposure
in combination with the Wilgranm diet resulted in degeneration and calcifi-
cation of the intima and media of the testicular arteries (Table 12). Thers
was also some calcification in tho testicular artories of the mice fed the
oontrol diet after an x-ray exposure of 550 r,

Hoart. The major histological findings in the hearts of the rats ex-
posed to chromic x-irrsdiastion and fed the various diets is shown in Table 13.
There ras a nononuclear inflammation of the myocardiim in a fow of the rats
fed the Mllios diet and the rats on this diet, as well as those on the Thomas
diet, had hypercellularity of the valves. Foam cells were geen in the tri-
ocuspid valves of the rats fed the Thomas diet and 1ipid deposition was seen
in the interstitial mesenchymal cells of the animals fed the Wilgram diet.
When the Viilrram fed rats ware also exposcd to the chromic x-ray, these ef-
feocts vere not evident and there vwas also no hypercellularity of the atrio~
ventricular valves, However, the chronic irradiation exposure seemed to pro-
duce a patohy neerosis and fibrosis of the myocardium in the rats fed the



TABLE 9

PREQUENCY AND SEVZRITY OF THE MAJOR HISTOPATHOLOGICAL FINDINGS
IN RENAL ARTERIES OF MICE

w'mW"d Diet oo » | U450 » | 500 » | 550 r 600 »
Thomas o/s
Wilgrm LW/ a| O/2
14p4d deposition in Mllioce 0/,
and on the intima Wissler o? /3
Nursing Purina Chow g; 0/6
Purina Chow 6 o/s | o/6 | ofs | of5
Th 4
mi?:a /4 a g’z
Thickening of entire Pillios o/
wall tAssler o/3 0
Nursing Purina Chow O/; 0/6
Parina Chow o6 o | o6 | ofs | ofs
Thomas
Hilym- /L a é/‘c’.;:
Thrombosd os
o Paorina Ch % 8?6
i i fe *Tos | oe |or |os
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TABLE 11

FREQUENCY AND SEVFRITY OF T!HE MAJOR {IISTOPATHOLOGICAL FUDINGS

! ™HE PULM(NARY ARTERIES IN MICE

Major ‘“‘;:p‘,*', "°:°'>'1°‘1 Diet 400~ (450 r |500 r]| 550 ¢ {600 F
Thomas 2/3 a,a
Wilgran V1 o;;

Caloification of the Mllioce 0,

intima and medie Wiseler 0/2 gﬁ
Nursing Purina Chow| 0/6 6
Purina Chow /6 v |0fs 0/6 |1/6v]11/6 a
Thomas 0;3

Swelling and fooal Wilzram Vi b °f

proliferation of the m:; o/2 g

eudothelivm Nursing Purina Chow| 0/6 of6
Purina Chow o/6 |o/5 o/6 |0/6 |0/6
e on |h"

Thiokening and byalin- an 0

zation of the wall of m 0/2 g/;

blood vessels Nursing Purina Chow| 1/6 a 126 Y
Purina Chew 0/6 |afs o/6

3/6 ai o/6

a = xdld, b = moderate,



TABIE 12

FREQUENCY AND SEVERITY OF THE ['AJGR HISTOPATHOLOGICAL FINDINGS
I THE TRESTICULAR ARTERIES IN MICE

Major m'”"“ﬂ ’t|h°%°“1°‘1 Diet 100 » | 4SO » 1500 »| 550 » | 600 »
;hilr.r of3 %‘ b
D 2 ﬁ M .lci. an
Darmretion i oniet” | Pafios " gg
and media
Fursing Purina Chow| 0/6 |0/6
Parina Chow o/6 | ofs o6 | 1/6 a| 0/6
Thomas o/l
Wilgran o/3 1/2 a
Thickening of the Mlltos 0
blood vessel wall Wissler o/2 of
Nursing Purina Chow| 0/6 o/(’»
Purina Chow o/6 |0/ 0/6 | 0/6 0/6

a = mild, b = moderate.



TABLE 1)

FREQUENCY AND SEVERITY OF MAJOR HISTOPATHOLOGICAL FINDINGS
IN THE HEART OF THE RAT

¥ajor Hhm::::ogicd Diet or 20 r/Day | 4O r/Day
Thomas 0/8 o/1 0/6
14pid deposition in Wilgram 1// a 0/9 0/10
mesenchymal cells of Fillios 0/6 o/7 0/9
the myocardium Wissler oﬁ 0/ 0/2
Rockland Chow | O, o/s o/s
Thomas 0/8 1/7 a 0/6
Patchy necrosis and Wilgram 0/9 22 a8 | 1/20a
fibrosis of the Fllios 0/6 0 0/9
myocardiun Wissler 0 0, 0/2
Rookland Chow | O 0/s o/s
| Thomas 0/8 o/7 0/6
Wilgram 0/9 0/8 0/10
Mononuclear inflammation | Fillios 1/6 b o/7 0/9
| Wigsler o/s o/s 0/2
Rockland Chow | O/L o/5 1/5 a
i‘l;hignu 2;8 aa i/,7 0716
gram 0/9 9 a 2/10 a,a
%rm‘.ﬂl‘rit’ of Fillios 1/6 a 0 /7 0 /9 ’
ve ) Wissler oﬁ oﬁ 0/2
Rockland Chow | O 0 o/s

& = Mild} b = moderate.
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Wilegran and Thomas diets. The offeots of the chronic x-ray exposure and
diet focding on the hearts of the mice are shown in Table 1, Thers was
also lipid deposition in the heart and mononuclsar inflammation of the
nyocardium in the mice fed the Wilgram diet. All of the atherogenic dists
caused calcified infarctaid lesions in the heart which were characterized
by necrosis of single muscle fibers ar by groups of adjoining bundles. The
affected arcas in most instances bescams basopirlic and exhibited caloifi-
cation, Caloified carmary arteries were observed infrequently. There vas
a mural thrombosis in the right atrium of several of the mice fod the Thomas
diet. In the mice which received the chronic x-ray exposwure in combination
with the control diet there was an inoreased patchy necrosis with calcifi-
cation of the myocardium and these animals also had a mononuclear infil-
tration of the myoccardium, Lipid deposition was present in the mesenchymal
cells of the myocardium in the mice fed the Wilpmram diet in combination with
tho radiation exposure, but the effects were less marked than in animals ex~
posed to the diet alone, These animals did have increased mural thrombosis,
infarotoid lesions in the myocardium and occasional hypercellularity of the
tricuspid valves. Yu Table 15 is shown the findings seen in the hearts of
the mice exposed to acute x-irradiation and subsequently fed the various
diets. The x-ray exposures alone (conirol diets) produced monomuclear in-
filtration of the myocardium and calcified infarctold lesions. Combination
of the acute x-ray exposure with subsequent feeding of the atherogenic diets
also resulted in lesions of this typs and mural thrombi were present in the
sections from the mice fed the Wlgram diet after the various x-ray exposures.
Thrombl were also seen in some of the animals fed the control diet, btut the
incidonce was lowsr. One of the animals fed the control diet after receiving
550 r exhibited hypercellularity of the tricuspid valve.

Discussion

The mresent report concerns the cardiovascular effects of acuto and
clironic x-ray exposure and the influence of various atherogenic and high--fat
diets on theso effects in rats and mice. Those studies demomstrate that
dietary factora can alter the histological effeots of both asute smd chronic
rodiation injury to blood vessels and conversely that radiation exposure
(particularly chronis radiation expcsure) can alter the atherogenic effocts
of certain diets in both rats and mice. These findings suppart and extend
the results of tho gross pathological coservations and the serum lipid de-
terminations on these animals that wer. reported praviously (3).

The diets usod for these studies were selected to represent three
atherogenic diets (Thowss and Hartraft, Wilgrsm and Fillios diets) two high-
fat diets (Wissler and Purina Nursing Chow), and a control diet (Rookland
Leboratary Chow). Each of the three atherogenic diets have been reported
(27-29) to produce arteriosclerotic changes in rats whereas such changss
would not be anticipated from any of the other three diets. Since none of
the atherogenic diets have been previously used to produce such changes in
nice, 1t was necessary to determine whetler ary of thesc diets would be
suitable far use in mice and whether the type of lesious produced by these
diets in mioe resembled those produwced in rats, It is spparent from the
present stuly that the Wilgram diet is most suitable for this puwrpose since
the animals fed the Thomas and Fillios diets exhibited movers weight loss
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TABLE 1

FREQUENCY AND SEVIRITY OF THE I1AJGR HISTOPATHO.OGICAL FINDINGS
I THE HEART OF MICE

o iy Diet or 20 r/oay | LO r/Day
Wilgr Ve asasasn | 72 %
1ipid deposition in e 580,50 Mg B8 &
e R LR R I A
wyoe Nursing Purina
Chow o/ o/6 0/6
Purina Chow | O/7 o/8 o/8
Thomas 2/5 asd /3 a 2/2 a,b
wilgram 1/6 a 1/6 a 2/5 b,e
Pate osis and
c.;ci%:’.iim of the ﬁﬁﬁ: ; :,a if oot (2, se
myocardium Nursing Purina
Chow o/l 0/6 1/6 b
Purina Chow o/ 0/8 1/8 a
Thomas 0/s 0/ o/2
nem % o, "
Inferction of tho e
Wiasl o/ 0/6 0
myocardiua Nx;:ig Purina / 4 /s
Chow o/h 0/6 0/6
Puina Chow o/7 0/8 0/8
Th 1 o/2
\ﬂi‘;:m Ofg * g/f6 155 a
M1lios o/s o/s o/L
Muaral thromboais Wissler o/ o/4 o/l
Nwrsing Furina
Chow o/k 0/6 o/6
Purira Chow oM 0/8 /8
Thomas o/5 o/3 o/2
Wilgram 2/6 a,a 0/6 o/5
Fooal iunfiltratiom Fillios 0/5 0/s o/4
with mononuclear Wissler o/L 0/6 % a
cells Nursing Purina
Chow o/ 1/6 a 0/6
Purina Chow oM 1/8 a 0/8
Hypercellular valve i\ﬂ.lgrm 0/6 0/6 1/5 a

a = pdld, b = moderate, ¢ = marked, d = very marked.
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TABRLE 15

FRECUENCY AND SEVIRITY OF THE MAJR HISTOPATHOLOGICAL FINDINGS
IN THE HEART OF MICB

Majar Histopathological

Pindings Diet Wor] ULSO> | 500|550 »]600 r
Thomas o/l
Wilgram W a %/f 258,58
1ipid depoeition in FMllios of
mesonchymal oells of Wissler 0/2 3
the myocardium Nursing Furins
Chow of6 |a/é
Purina Chow ofr jof5 o6 lo/s |ofs
Th
e |
Patohy nearotic calei- | M1llios )
fied lesions in the Viasler 0/2 3
"yoogrdiin m%'g:g °1/6b 2/6 b, | 1/6 & ]| 1/
9 e a a
Purina Clicw ot 11/5 a 1/6 o 1/; . ]ﬁ a
Thoma
m'l.gr:n 1/h a g?zh a,8,8
Mllios 0
Mural thrombosis Wissler 0/?2 olg
Nursing Purina
Chow 1/6 2 {1/6 a
Purina Chow. |0M1 | 0/5 o6 |ofs |ofs
Thoma: /L
Vilgran o/h {1/3a
Mononuclear inter- Fillios o/
stitial infiltration Wissler o2 Jﬁ °
mrchdoum Purina Y, of6
a
Purina Chow Jﬂa 1/5 a 2/6 al0/5 |1/5a
Hypercellular valve Purina Chow o1 |ofs o/6 |1/6 alo/s

a~ mild, b = moderate, ¢ * marked, d = very marked,
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and a marked shortening of their swrvival time. Murtheimors, the lesiona
seen in the mice fed the Wilgram diet resemblsd in general those reported
by Wilgram (28) in the rat, Although histological comparisons of the
lesions seen in the mice fed the Thomas and Fillios diet with thoso in rats
are complicated by the severe effects of these diets in mice, the lesions
in the two speocies have several comuon features and it is likely that thess
diets could also be used for studies of the prosent tyve with relatively
minor modifications.

The major histological findings in the rat: fed the atherogenic
diets and in the mice fed the Wilgram diet consisted of intimal thickening
and sudanophilia, 1iptd deposition and atrophy of the smooth muscle cells
in the media, and fitrosis of the medis accompanied by secondary wrinkling
and fragmentation of the elastic lamellas and vasculsr thrombosis. Caloi-
fication of the degenerated medin of the aorta, coronary, renal and pulmo-
nary arteries was a frequent lsgion in mice and it was not observed in rats.
0f particular interest was tho 1lipid depoeition within the smooth muscle
ocells of the ooronary and rena) arteries in the rats {ed the Fillios and
Wilgram diot. Although Wilgram observed lipid iu the media (28), he con~-
cluded thot 1t was extracellular. Millios and hie agsociates have degeribed
(29) intracelliular fat in older blood vassel lcaions but they found that the
1lipdd was confined to the foam cells o otuer mesenchymei cells, The de-
crcase of smooth muscle cells in tho media of the rats fed the atharogenic
diets is also of particular interest in that such changes have not been e~
ported previously. All of these changcs are consistent with the marked ele-
vation in total serum lipids,; cholesterol and phosphclipids previously obe
served in the rats used for these stucdicy and since chronic radiation sup-
pressed these diet=induced effects, it was of interort to determine whother
these histological findings wers also decreassd. The microscopic findings
prosented in this report demonstrats that most of the lipid-containing
lasioiis obssrved in the blood vessels, particulzsrly those doscribed as
lipomatous, were decreased when the atherogenic diet feeding was combined
with clronic x-ray erposure, The incidenve of thrazboris, however, appearcd
to be incrcased slightly by the radiation exposure, In the mice fed the Wil~
fram diet the chronlc xe-ray exnosure not only docrcased the smount of lipid
deposition but als> decreascd the calcification of the blood vesacls seen in
the non-irradiated amimals fed this diet. Acute radiation expos'we alone
caused a loss of smooth muscle colls and caleification of the acrtic media in
mioe and the lesions were sinmilar to those deacribed by othera (15, 30,31).
The cambination of acute irradiation exposuwre and the subsequent feeding of
the Vilgran diet mroduced in mice changes sinilar to those already described
in rats whereas the Thomas diet produccd only hyalinigation smd calecification
of the pulmonary arterios.

The sccurulation of fosm cells in tho tricuspid valves of the rats
fod the Thomas diet and the finding of similar cells in the splecn and in the
lumon of the pulmonary arterles sugpests the mrosence of these cells in the
circulation as vas recently renorted by Renaud and Allard (32). Small
scattercd focl of nccrosis and fibrosis were seen in the heart sections of
the rats fed the Thamas and Wilgram diets but true infarotion, as described
by these authora (27,28), did not occwr in the present studies. The patehy
areas of necrotic mrocardiun, which were observed in mice fed the atherogenic
diats and the Wissler high-fat diet, wero mosily calcifiod whereas in the rats
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these areas wers predominantly fibrotic, The cambination of acute x-ray
exposwe and feeding of the Thomas diet also resulted in patohy necrosis

and calcification of the myocardium., OCaloific lesion of the blood vessels
ad myocardium as seen in the mice in the present study are similar in many
resvects t0 the lesions desoribed Lehr in rats vith hyperparathyroidism
after sulfathiasol intoxication (33). Domingues has also desoribed nearly
identical lesions (characterised by medial necrosis and caloification) in
rabbits in which renal injury vas wroduced with uranium mitrate (3i). Al-
though the paratiyroids were not examined in the present studies and sermm
levels of calcium or phospharus wers not determined, muscular degeneration
and lipid deposition vere found in the heavily calcified areas of the aortas
vhen the caloium was removed. It is possible that the focal cardiac necrosis
soen in the rats fed the Wilgram diet night also have been due to hyper-
vitaxinosis D sinoe calcium deposition has been shown in this condition by
several investigstors (35-h3). The oalcification seen in the animals fed the
Nursing Purina Chow and poasibly also the nephrocaloinosis in these mioce may
have been due to an increased absorption of the dietary caloium bacause of
the lactose ocontent of the diet (LL)., Calcification and arteriosclerocsis of
the acrta resul from the administration of dehydrotachysterol have been
shown by Selye (4S) to be greatly increased by the removal of the testis, and
it 18 of interest that testicular atrophy was a coomon finding in the animals
fod the athorogenic diets with and without radiation exposure in the present

study.

Swwary

1. A comparison of the histological findings in the cardiovascular system
of mioo and rats exposod to various doses of acute and chronic whole-body
x~irradiation has been made and tho effects of various atherogenic and
high=fat diets on these findings hes been investigated.

2. Acute radiation exposuwre in the dosage range of LOO r through 600 r of
x-irradiation caused a loss of smooth muscle cells and caleificatioh of
the aortic media, calcification and hyalinization of the pulmonary arteries
and a mononuclear infiltration with necrosis ad caloification of the myo-
cardim, Hypercellularity of the valves of the heart was also observed,

3. Combination of acute radiation exposure and the feeding of various
atherogenic and highefat dists did not resnlt in a decrease in the sudano~
ovhilia or calcification of the blood vessols or any of the other diet-
induced effects seen in the cardiovascular system of mice.

4, Chronic radiation exposurs at the rate of 20 r or L0 r/day for a peried
of 12 weeks produced nsorosis and fitrosis of the acrta in rats and a
mdld hyalinisation of collagen fibers in mice. Calcification of the
ooronary md testioular arteries was observed in both species. In the
mice intimal lipid deposition was observed in the coronary arteries and
there wvas also a focal mononuclear infiltration in the myocardium,

5o Combined exposure to ohronic x-irrsdiation and the feeding of the various
atherogenic dists resulted in a decreass in the incidence and in the se-

verity of the diet-induced blood vessel lesiona, cularly the lipoatous

changes: This was partioularly true in the an 8 fed the ram diet-
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The Wilgram dist-induced caloification of the amta and other blood
vessols in mice was also decreased by the chronic x-xy exposure. Hou=
ever, the incidence of thrombosis in the aorta and other arteries ap:
peared to be inoreased in the amimals exposed to chronic x-irradiatiom.
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PHARMACOIOGICAL AND TOXICOLOGICAL COMPOUNDS AS PROTECTIVE OR THERAPEUTIC
AGENTS AGAINST RADIATION INJURY IN EXPERIMENTAL ANIMALS

+ I. The Influence of Various Chemical on Radiation

V. Flsak, M, Root and J. Doull

This report concerns: The survival time and mortality of male
mice treated i& various chemical compounds immediately prior te the -
stration of a lesthal dose of whole-body x-irradiation.

Immediate or ultimate application of the results: To find chemical
con; s capsble of re ng or preven no x~-irradiated animals

and to elucidate some of the structure-activity relationships within groups

of related chemical protective agents, Although none of the currently avail.
all s radieprotective agents provide a practical solution to the problem of
p«venting acute radiation injury becauss of their toxicity or relative in-

o 1sctiveness; the study of these compounds and of related derivatives lacking
p (tactive or toxic effects provides the most 'logical approach fer finding

c rpounds with an improved chemotherapsutic ratio, A better understanding of
t ¢ precise structural configuration(s) responsible for maximal radisprotective
¢ {ivity with minimal toxicity would alse be of considerable aid in furthering

o1 anderstanding of the basic wechanimms of radiation dmmgge in biological
sttt

LA K K B B B N

During the past three months forty~thrie additional chemical cempounds
royrasenting several types of chemical structures related to known radiepre-
tictive agents have been evaluated for tective activity sgainst lethality
£: ¢ n whole-body x-ray exposure in mice ﬁ‘)’. ’

Matorials and Methods. Adult, male Cd-worth Farms (CFy) mice weighing
x twzer 20 and 25 grams were employed for thesa studies. The animals were
1 ¢39d 4n air-conditioned rooms (75° P. to 80° P.) and were provided with food
(1 cc'dand Mouss Pellets) and water ad libitum. All of the animsls wero kept
n o~ observation for at lsast one week prior %0 their use during which time
tlcs) mice which failed to gain weight normally or which appsared to be un-
%7 1.ry were removed and sacrificed. Both the control and experimental animals
#1* galected ab random from a singls shipment of animals in order that their
y md veight -ould be comparable. Preliminary toxicity studies were carried
»  rith each compound to determine the maximm smount of each derivative which

2 1 be adeinistered to the mice without causing mortality dus to chemiocal tox-
Le e :

For the radiation studies a minimmm of ten mice were tésted at each
dceage level, Distilled water was used as the solvent wherever possitle and
tle concentration was adjusted in each case »o that none of the mice received

ol
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more than 2% of their body weight with each injection. The pH of the so-
lutions was adjusted to approximately 7.0 when necessary using either di-
lute hydrochloric acid, sodium hydroxide or sodium bicarbonate. Compounds
which were insoluble in weter were dissolved in propylene glycol. Both
the control mice (those trested with a comparable amount of injection wehi-
cle) and the treated mice were x-rayed simultaneously 10 to 15 mimutes
following the intraperitonsal injections. Observations on the mortality of
both groups were made daily for a peried of 30 days after the expesure or
until all of the mice in the treated group wers dead.

The x-ray exposure was given as a gingle whole body exposure of 25(
KVP, 15 ma. x-ray by means of either a G.E. Maximar Therspy Unit or Keleket
Therapy Unit. The dose rate was measured prier to each radiation peried by
means of 8 Victoreen Ionization Chamber (100 r thimble) and was found te be
batween 4O r and 42 r per mimute. The added filtration consisted of 0.25 mm.
of copper and 1.0 mm, of aluminum and the target skin distance was 75 om.
The sanimals were irradiated individually in plastic tubes (50 cc. centrifuge
tubes provided with numserous holes for air) placed radially on a rotating
turntable so that each animal received an equal dose of x-ray. The turn-
table was enclosed in a tempsrature-controlled chamber which maintains a
temperature of approximately 76° P. to 78° P. during the irradiation expo-
sure period. ’

The USAF code letter desisnation and the source of the compounds in-
cluded in this study are listed in Table 1.
TABLIE 1

SOURCE AND USAF CODE NUMBER OF COMPOUNDS
INCLUDED IN THIS REPORT

USAF

O signation Source of Compound

Fairmount Chemical Company, Inc., Newark, New Jersey

Dr. E. W, Darachta, Mead Johnson Research Ctr., Evansville, Ind.
Eastman Kodak Company, Rochester, New York

Dr. 0. Thiessen, Koppers Company, Inc., Pittsburgh, Pa.
California Corp. for Biochemiocal Research, Los Angeles, Calif,
Dr. N, W, Standish, The Standard 01l Company, Cleveland, Ohio
Mr. M. L. Neuville, Angul Chemical Company, Marinette, Wisec.

Dr. R. D. Westland, Parke Davis and Company, Ann Arbor, Mish.

SE38.RED

Remulta

Preliminary toxicity studies. In order to determine the maximum safe
jcse for use in CE naﬁffon studies, it was necessary to obtain an approxi-
nate LD.-;O for the various compounds. Accordingly, small groups of mice were
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injected intruperitonsally with increasing dosage levels of each coupound,
and the resulting wortality was recorded for a period of one week. The re-
wults of these toxicity tests are shown in Table 2.

Evaluation of %:_n_d: for %?smmun acbivitin The x-ray dose
uged for e ] v of w x-irra vered in a

single dose) produces over 99% mortality in CFy mice under the expsrimental
conditions used in this laboratory. Radiation deaths first appear on the
£ifth and sixth day after the exposure and the median survival time (ST¢()

of control or untrested animals is 11 & 3 days. A compound is connidor§2

tc exhidit protective effeots if it increases the S'tao by more than five days
or if it permits any of the animels to survive for 30 days after the x-ray

axposure: -

The first seven compounds studied included a thiasole derivative, twe
thiadiasole derivatives and a tetrasole derivative. Of these the thiagole,
2,i-dimethylthiasole (FA-7) and one of the diazoles, 2-amino-S-merocapto-
1,3,4-thiadiagole (FA-6) were protective. In Figure 1 it may be seen that
when FA-7 was administered at a dosage level of 200 mgm./igm., it protected
108 of the mice from an otherwise lethal dose of whole body x-irradiation,
and that 2-amino-S-mercapto-1,3,li~thislia:zole (FA-8) protected 50% of the
mice vhen given at the same dosage level. In the latter instance lowering
the dose to 100 mgn./kga. eradicated the protective effect. In a previous
report (2) a marked radioprotective effect was obtained with 2-tutanone
oxime. Consequently alpha bensoin oxime was evaluated but no protection was
apparent. The thiobensophenons derivative tested at this time was alsu of
no value tut & thiourea (allylhydroxyethyl thiocurea, FA=3) did protect 10%
of the mice injected with 100 mgm./kgm. of this compound prior to s lethal
x-ray exposure., Figure 2 depiots this graphically-

Two carbasoles, aminoethyl and dissminoethyl carbasole (K-3132 and
X- 3455 respectively) both showed protective activity against radiation lethal-
ity. In both instances the higher dosage leval employed was toxic as evi-
denced by a decrease in the STc whils a dosage level'of S50 mgm./kgm. gave
protection. Figure 2 shows survival of mice pretreated with the mono-
aninoethyl carbagsole and Pigure 3 shows that only 10% of the mice similarly
troated with the diaminoethyl carbazole survived for 30 days after 750 r.

Since thioglycerol showed radioprotective activity when tested pre-
vinmely (1), this compound end several related compounds were included in the
prasent tests. However, no protection was afforded by any of thesa compounds
at the dosage levels used. Minimal protection (10§ survival of mice for 30
dags follcwing a lethal x-ray exposure) was o>teined following the adaminis-
zn;ion of3100 mgn-/kgn. of dithiothymine (CB 38). These results are shown
in gure 3o

The nsxt group of 1l compounds consisted mainly of butane derivatives,
Ho sever, since the mames and structures of thnse derivatives muve not been re-
~e1sed a9 yet, they are presented in this report by their code numosrs only-
Of these, ten showed varying amounts of radioprotective activity. Pigures L,
5. 6,7 and 8 Jepict the results graphically.
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TABLE 2

ACUTE INTRAHERITONEAL TOXICITY AND RADIOPROTECTIVE ACTIVITY
OF VARIOUS CHEMICAL COMPOUNDS IN MALE CF, MICE

T
Toxicity Radiation Studies
Name and Formula of _
Compound, USAF No- and Vehicle
Used for Toxicity and Approx. Dose Change in | Mortality
Radiation Tests :;o in in STc¢o in {at 30 Daye
“[kgm- f._npm/lgnn Bqa | After X-ray
l T ;
1 -Phanyl-S-mercaptotetrazole ‘ ) i ;
i
41 (PG) '“
7 9} ! w0 | o-m 10/10
by . - ! 3 = !
X 200200 & “go | .1, 10/10
- i | i
o | ;‘ J |
4y u i v
&H% N ! :
N , | i
1 i !a’ i 4
HZ ?I ; ! i
- ar e i i # 0
i i d ;
Te:ramethyldiaminothiobenso- j ! !
nhanone i ' ! i
01 2 (o) é.z | ; |
:1 200300 § 2% | =3 ¢ 1940
7z “3 : J 100 -1 | 1040
S j el‘ ] i
‘ . !
. | | N
M S
'i yi hydroxyethylthiourea i &
2 (F0) | & 1000 ¢ | s
o 11ch 71000 500 -1 1¢/10
2 \!l ¢ i
(5 =CH-CHy
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TABLE 2--~Continued

Toxiocity Radiation Studies
Name sd Forwmula of
Compound, USAP No. and Vehicle
Used for Toxioity and Appro:; Do’;o céh;ngo 1::: !::r;;lity
Radistion Tests Lbgo 0 s Days
ngh./kgn. | agm./kgn. g‘yo After X-ray
2 '5"m..mp“"1’ 3.’4‘“11!“‘!01.
!Z‘Aab (Hp0 El}g;h l)iut) !
sax> a8 A |
200 -5 10/10
- s00-1000 | 399 -5 R
i it
15-C C«SH
> s P4
T L
11pr i+ bensoin oxime
1a-5 (PO)
100 -5 10/10
o 100--200 %0 > 2010
// @ [
R
== = H
. Ar no-S-mercapte-1,3,kL-
tr adiasole
1n-€ (PO 200 ‘2 §ﬁ°
=€ (Fa) 200-300 100 -2 100
N N |
N i
13-C - G-,
! .4 dmethylthiszole
1heT (PO)
(" 200 0 9/10
{7 = 200-300 100 0 10/10
N8

ch

3

. o amm
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TABLE 2--0ontimued

Toxiocity Radistion tudies
Name and Forwula of
Compound, USA¥ No. and Vehicle
Used for Toxioity and Appu:; D::o c:ngolin l;or;slity
Radiation Tests . in la Days
39#’, nga./kgn, 82,. After X-ray
NeAcetyl-L,L-penicillamine (5179)
MJ-2 (Fa)
0 300 <l 10/10
] 306--500 200 e 1 10,10
s S-Cliy '
CH N
3
] ™
119 o0 emmmncrn (o!-—- COOH i
1
CH; H ‘ ¢
+y3'=Dithiodiformanidine di-
hydrochloride 1
. 00 | - 10/15
K- €479 (Hy0) 200 50 .3 100
NH ; !
o0 !
4, E-s-s. 8wy v2m01 i ;
[ =\nino-9-ethyl carbasole ' T;
: 3132 (PO) f !
! 20 § <10 | 10010
gyﬂg 100-200 4 50 v 1 5/10
£ f i A
N \b
NSy 7,
yO~Dianino-9-ethyl carbasole
-~kSs (PC)
. 100 -2 16/10
§2fis 100--200 50 0 9/1c
ﬂ N B _
':
AN Vs
Mlz/\' 7




100 v
TABIE 2--Contimmed
Toxioity Radiation Studies
Neme and Formula of
Compound, USAP No. and Vehicle '
Used for Toxioity and Appmu;; Doizc c;ng- 1::1 Hor;;lity
Rudiation Tests LDgo 0 at Days
ngh./kgn- | nga./kga- 3.,. After X-ray
Thioglycolic acid--98%
CB35 (8,0) | 100-200 ‘% o3 1o
HS-CH, COCH ‘-
% |
Thicdiglycolie acid~-98% l i
0B-:5 (H,0) (also E-2) *' 200 .9 10/10
. | 200-300 100 ) mﬁo
A izcom |
. ! |
~C .‘!2cmn : "
S i !
+ -1 hioglycerol j ,} ,
B [ (320) (same as B-40) 11, i i
. i
( i 300 0 10/10
i-cd :
g1 ’ r
it} lothymine ;
b33 (PG) | 9
100 | 0 9/10
SH 200 0 1 10/10
H‘J’l“ = C '
E j n3 |
Ay .
o |
(1-1 (20923) ! 200-300 2 1 e
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TABLE 2--Contimed

Taxioity Radiation Studies
Name and Formula of
Compsiund, USAF No. end Vehicle
Used for Toxiocity and tg;;ozo D:: Change in | Mortality
Radiation Teste in 8T¢o in jat 3C Deyw
ngh./kgn. | ngn./kgn. 32,. After L-ray
: 1000 +5 6/10
sT-2 (2092L) 7 1000 00 -2 1010
300 c 9/10
8T-3 (20926) 3%0-500 200 -1 mﬁc
. 200 o | 100
sT-i (20927) 200-300 100 +2 1010
. 1000 +1 10/10
5T-5 (20928) 21000 } €00 0 10/10
' 50 0 9/1C
ST-6 (20929) | 50-00 3¢ .3 10/10
1 1o 1000 o ! 10
(147 {209211) 9 71000 1 Teog 0 ; 10/10
1000 L | 540
678 (209215) 3 1000 0 | 1 ﬂ 6/10
- f
” 1000 -1 6/1c
81-9 (209227) 71000 00 0 5/10
. 200 -1 10/1C
57-10 (209230) 200300 100 ] 16/1¢C
) _ 30C * 2 10/10
5T-11 (209240) 300~500 100 +3 loﬁo
. 100 0 10/20
sT-12 (209247) 300500 50 0 9/10
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TABLE 2--Contimed

Toxioity Radistion Studies
Name and Formula of
Cozpound, USAF No. and Vehicle
Used for Toxiocity and Approx. Dose Change in | Mortality
Radistion Tests ﬁo in . in 8%¢o in [at 30 Days
Jegn. | nga./kgn. After X-ray
- 7% +1 10/10
oT=23 (209253) 50 .3 10/10
i ;
§

- | 200 pel L/20
Sl (20925)) 200300 ‘ 10 Are 10
Dimv rourous methans arsonate
- o 50 11 10/10

¢) inchomeronic scid (pyridine

? j=dicarboxylic acid “

¥ (HO plus NaHCO3) %1000 lggg - g igﬁg
§ |
o S ) i
N7 COOR i
- |
jop er methane arsonate " .
N-  (H,0 plus NaHCO,) ,‘ |
20 Y 3 (0.6 | 10 -6 10/10
N 5 +2 9/10
C- 8
: ~ 0”7
iz dylie acid
J - (”,0)
2 " 500 -3 10/10

7 As-0-H

}!§3
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TABLE 2--Contdmied

Toxi city Radiation Studies
Name and Formula of
Compound, USAF No. and Vehiole
Used for Toxioity and :gro:; D::o )clsnrm ’;n l:or;ality
Radiation Tests 0 e Days
| ngh./kgn. E-a»/lv» 32,, After X-rey
N-Butylens pyrrolidine
AN-6 (H,0)
i 25 -2 10/10
: 50 10 .3 9/10
i
2-(p-Nitrovensyl)-2-thio-
pseudourea monohydrochloride
PD-2 ) 50 +1 10/10
!
p
L
2-Thio-m-thiasone-2,4~-dione ! i
PD-2l (H,0)
s ~ | 100 -1 10/10
ﬂzci" Nous 500~1000 200 - b 10/10
]
B0, M
18
0 :
1. 1"3“?1-'% Mﬁ\- ‘-E-(m!!d!w J
thio)ethyl wdroahloride »
Ip-3k (PG) 5 "
0 .2 10710
1% 25 . .2 10,10
1H,y: ﬂuy-cn,cn.‘,-rm-ﬂ-m:z,
NG~ 5-CH cnz-m-c-m K
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TABIE 2--Contimued

Toxiotty | Radiation Studies
Name sand Formula of _
Coepound, USAF No. and Vehicls H ﬂ'
Used for Toxiocity and Approx, Dioge Change in' WMortality
Radiation Tests lgoin | 1in 8'1'32 in 1 at 30 Days
 mght. /icgm. 1’ms/km ys { After X-ray
. ; |
2-Anino-2 -thiazoline ‘
PD-57 (PG)
- 100 -l 10/10
I Y
4" ey : |
B e ; ii
. j
S«Ct Loro. 2.mercapto benzo- # u‘
t! iazole ; i i
; 1 [
#D-t? (FO) :; : | I A
yooe200 | 100 «2 | 1000
P S (100-20 Ty -5 | 1000
g |
R :’ :% e
i AR RO S
1= iperasine diacetic acid, | s / 3
11 ‘ydrste ? ! : ;
l : ! l
1.£) (PO %1000 1 500 -4 | 1020
(Fo) 7 ! 30 J -3 | 1000
CH.,CH -' i j
' 00C HyeN” 2 "’j | !
N 4 i
L & i
2 (1-Pyrrolidinyl)ethyl!.. ' 5
2- hiopesudourea dihydro- i |
ch oride ’ ’ :!
L€ (Hy0) i‘ 't 100 -2 | 1040
| 100200 | 1% -1 | A0
7l \CHp«SeCelH; °2HC1 { ” g
\ .
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TABIE 2--Contimied

Toxicity Radiation Studies
Name und Formmla of
Compound, USAF No., and Vehicle |
Used for Toxioity and Approx. | Dose Change in' Mortality
Radiation Tests | LDgop in |  in ST¢o in | at 30 Days
nga./kgm- ’: ngm. /kgm.. gqu E After X-ray
i
2w(2-Aminoethylthio)propionic ! e "‘
acid ! i - h
EE R R
PD=62 (Hza) ': l ; u
i ! b
F NCH,CH,y7/CH, CH,COMH ;; ;2 ) !
;L ! ;L I
! " , )
: -( Jlmethyl mincmethylthis)- ' i ;J |
Lensothiasole ,‘ f ! L
by j | f
FD 65 (Ry0) ' . 100 1 | 10/
{ 4 '
1 100200 "o -6 i 10/10

L

A »MHy ' ‘ ]
7 ) "L SCHoN | ?
lL‘,} ! TN} n m3 b

e j
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Pigure 1. Effect of 2,l.dimethylthiazole (FA-7) and 2-amino-
S-me¢rcapto-1,3,)i~-thiadiazole (FA-6) on svrvival of mice irradiated with
750 r of whole body x-irradiation,
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Pgure 2, Effect of allyl hydroxyethylthiourea (M-3) and 3-
amino-9-ethyl carlazole (K-3132) on survival of mice irradiated with
750 r of whole body x-irradiatiom
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Figure 3. Effect of 3,6-dismino-9-ethyl carbazole (K-3455) and
ditidothynine (CB-38) on survival of miea irradiated with 750 » of whole
bodr x-irradiation.
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Pigure L. Effect of §T-1 end 87-2 on smurvival of mice irradinted
with 750 r of whole body x-irradiation.
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Fgure 5. Effect of ST-3 and ST<6 on survival of mice irrediated
with 750 r of whole bedy x-irradiation.
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Figure 6. Effect of ST-7 and S*-8 on survival of mice irradiated
with 750 r of whole body x-irradiation.
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Figare 7. Effect of ST-9 and ST7-12 on survival of mice irradiated
-14%1 750 r of whole body x~irradiation. .
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Figure B. Effect of ST-1l and conper methane arsonate (AN-3) on
surrival of mice irradiatsd witih 750 r of whole body x~irrsdiation.
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9. Effect of cscodylic acid (AN=5) and N-butylene pyrroli-
uirs (AN:6) on survivel of mice irradiated with 750 r of whole body
~~icradiation,
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Two arsonates, a mercurous and a copper derivative were evaluated
ond tle latter (copper methune arsonate, AN-3) showed minimal protection
ag evidenced by a 10f survival of mice pretreated with 5 mgm./kgm. of this
compound prior to a lethel x-ray exposure (Figure 8). Another arsenical,
cacndylic acid (AN-S), similarly protected LOf of the mice when adnini-
stered ¢t a dosage level of 200 mgm./kgm- The higher dose of 500 mgm./kem.
not only resulted in no 30-day survivors but decreased the STy by three
days from that of the control mice x-irradiated simltaneously. Figure 9
shows these results as well as those obtained when N-butylene pyrrolidine
(AN<6) was sdministered to mice at a dosage level of 10 mgm./kgm, prior to
a lethal exposure of 750 r of whole body x-irradiation.

The nine remaining compounds which contained ureas and pssudoureas,
bengothiagoles, a piperazine, a thiazoline, a dione, and a propionic acid
derivative were all ineffective as radioprotective compounds.

Summary

Jorty=-three chemical cuompoundes hsve been tested for evidence of
radioprotective activity in the present study. Of these, 18 showed slight
to signiricant protective effects in that they permittud from 10% to 60%
of tle mice to survive for at least 30 days following the otherwise lethal
‘4hole boly x-ray exposure. The maximum amount of protection was afforded
then ST-l; was administered (60% and 30% respectively for the two doses
sested). Four compounds (2-amino.S-mercapto-1,3.L-thiadiazole (FA-6),
3-amino. V-ethyl carbazole {K-3132), ST-8 and ST-9) protested L0 of the
«¢~irradiuted mice for 30 days following exposure whoreas a 0% survival re:
Jqulted fiom the pre-irradiation adninistration of three of the compounds in-
cluded in thie study- These compounds were: ST-1, ST-2 and cacodylie acid
AN-=6}, ST-7 protected 30% of the irradiated mice during the 30-day post.-
irradiat.on period- The remaining nine protective darivatives gave only
ninimal protection (10%, 30-day survivors); this group included: allyl
hydroxyethyl thiourea [FA=-3), 2 L. dimethylthinzole (FA-7), 3,6-diamino~
Y-ethyl carbazole (K-3455). dithiothymine (CB.38), ST-3, ST-6, ST-12,
vopper me thane aresonate (AN-3), and N-butylene pyrrolidine (AN-6).
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*HARMACOLOJICAL ARD TOXICOLOGICAL COMPOUNDS AS FROTECTIVE OR THERAPEUTIC
AGENTS AGAINST RADIATION INJURY IN EXPERIMENTAL ANIMALS

II. PFurther Studies on the Mechanism of Radioprotestion Afforded by
Cyanide and Various Witriles

J. Dilley and J. Doull

This report concerns: The survival time and mortality of male and

fomale CFy mice treated with cyanide, acetone cyanohydrin, pentanone cysne-
hydrin and 2-imino-thiazolidine=l-.carboxylic acid prior to cr following the
adninistration of lethal doses of whole body x~irradiation, and some pre-
liminary studies on the enzyme system involved in the detoxifioation of
¢yanide.

Inmediate or ultimate application of -ths results: To obtain infor.

,ion concerning the mechanlam's) responsibls for the radioprotective ef-

ts of cyanide and related derivativen, These studies constitute part of
rogram designed t¢ obtaln information regarding both the toxic and the
‘tective effects of the currently available radioprotective agents. This
otrmation is essential for the evaluation of the potentially useful agents
. the development of now agents or combinutions of agents having an im-
vac therapeutic index.

L2 2 3R 2R b AR JE

In a pravious report (1) ws described experiments which demonstrated
it ~yanide and some nitrilss will protect mice against lethal doses of whole
ly s-irradiation. The present report is concerned with further studies on
nide and some related cyanide-containing compounds, and the enzymes in-
lved in the detoxification of cyanide, These studies suggest that these
ymes may be intimately involved in ths radioprotective effects of such
mte.

teriais and Methods. Adult, male and femals Carworth Farms 8 )
10 wel ‘betwesn 20 and 25 grams wers used for those studiea- The
1trol and experimental animals were selected from singie shipments, housed
gmupa of not more than tes animale per cege in an sir-conditioned rcom
i° te 85° P.}, and fed Rockland Mouse Pellets and water ad libitum. Aqueous
uticus of the compcunds ured for these studies wers prepared just prier to
Ar veo, and were injected intraperitonsally at a concentration of 1f ov
18 0f the body weight -

The ensyme used for these studies wae prepared from fresh rat iiver
:ording to the mathod of Cosby and Sumner (2;. All axtraction procedures
‘e carried out at ;° C. and the preperatiors were stored at the same temper -
wre in the proper dilutions of buf fer.

1né
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T™e x-ray exposures were given by means of a G- E. Maximar X-ray
Urit operated at 20 XVP and 15 ma. with 1.0 rm. of alumimm and 0.25 ma.
of coppsr added filtration. The dose rate was determined prior to each
irradiation exposure by means of a 250 r Victoreen Ionization Thimble in
air. All of these studies wore carried out at a dose rate of about 10 r
per second to insure that the irredistion period would be as short as
possible, Both the control and the treated animals were irradiated simul-
taneously and the mortality within esch group was followed for 30 days or
until the death of ail of the mice in each group had occurred.

Resul ts

Effect of inoreasing doses of cyanide on the sirvival time and mer-
tality of x-Irradiated e CFq mice. It has previously been shown (1)
tTat oyanide 1s & good protecter against lethal doses of ionizing radiations
vhen given in doses of 2 mgm./kgm. as HCN just prior to the irradiation
period. It was, tharefore, of interest to see if a greater increase in the
syanide dose would afforcd svan better pretection with inoreasing doses ef
irradiation.

Groups of animals, each of which contained eight female mice, were
uead for these studies. Each group of animals was injected with either 2 or
2.25 mgm./kgm, of HCN (L.8 or 5.5 mgm./kgn, of the potassium salt). Approxi-
mately four minutes later these animals were then exposed to increasing
amxnts of wvhole body x-irradiation at dosage levels ranging from 700 r to
900 r in SO r inorements. The dose rate for these studies was about 230 r
per minute and the results are shown in Pigures 1 and 2. It can be seen that
under these experimental conditions the higher dose of cyanide is more radio-
protective. Unfortunately, higher doses of x-ray were not given since thes
observed response was greater than had been anticipated. These studies hive
been repeated at these dose levels and also at higher levels of both cyanide
anl! irradiation but the results are not yet available-

Effect of acetons cyanohydrin and pentanone cyanohydrin on the mo-
ta.ity and sirvival time of female mice. In a previous report (1) we showed
thit acetone oyanohydrin is a good procective agent when given just prior tc
ie:hal deses of x-irradiation- We have since repeated this experiment using
adiitional time intervels and compared thix with pentanone cyanohydrin, which
is less toxic than either cyanide or acetone cyanohydrin, but would be ex-
pei:ted to be a good protector by virtue of the fact that it will also loze ita
oy:nide radical quite rapidly in vive.

Solutions of these two compounds were prepared by making the original
di ution in the ratio of 10:1 (v/¥) in propylene glycol and the final dilutie:
wau made (w/v) in distilled water- Oroups of animals, each of which containe:
oiyht female CPy mice, were injectad with these compounds at variovs time intec
va_.g prior to 760 r of whole body x-ray. Control snimals were injected with =
water placebo which contained about che same amount of propylene glycol as wax
in ected into the experimental groups, The survival of these animais is shown
in Pigures 3 and L. For comparative purposes the data ut 2, 5 and 10 mimutes
foi' acetone cyanohydrin is included in Mgure 3, although it has been previousl:;
reported (1). The data in thess figures show that both of these compounde are
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wd protective agsnts under tlmse experimental conditions. Although the
spe of pentanone cyarohydrin wiil have Lo be increaced to nearer its texie
mits, the remlts of this experimsnt gseem to indicate that the maximum

sotaction with pentanone ¢yanchydrin oceurs at asbout eight mimutes while
ae maximum of fect with acetons cyanohydrin occurs at four minutas. Purther

#tudies are planned to investipata the structure-activity relationships with

v

wne and other eyanohydring.

The radioprotective effect of 2 -imins-thiazolidine-L-carboxylic acid

in famale CFy mice. 1In a previous report (1) Z-imino-thiazolidine-lL-carboxylic
1c1d, A nietabolite of cyanide, was dincuszed as a possible protective agent
v'rieh might be responsible for a delayed protection observed with cyanide.

Mauthner {3} first describad the rcaction of cyanide with 1-(¢;-

. wtine in agueous solution %0 form 2-iminc--thlazolidine-li~carboxylic acid and

IS
&
1

o nathed was vped to prepars the “hlazolidinm for these studies except that
oroximately equimolar amcuants of ¢yminide amnd cystine were mixed together

:d the compound was then injected without further purification. Just prior
r una the pd of the preparction wir adjustad 4o about 7.6 with 1 N HC1l. The

. -action way cmeidered to e complate wher. doses squivalent to 30-4O letha!l

s of cyanide did not produce morhulity “A mise.

Groups ol animals, each of which contained ten female mice, were used

{ r theme wtadies Tha experimertal apimals wore injected intraperitoneally

o

virying time poricds prior to an sxcosure to 700 r of whole body x-irradi-

101 The control snimnls ware iniected with water. The dose of thiazolidins

ve) each group w-3 cqual te S5U mem  igm. »f HCN. In addition, two more

© wuos were Injucted with doses of tiuilazolidine equal te 150 mgm. ./kgl!h of HCN

S and 30 winutes prior to 700 1 of whole hody x-irradiation. The survival
cvrn for thsre animils are shown Ju ['fgure 5. Tt appears that under these
26 weoneal conditions, thiazolidine nffords the best radioprotestive effect
m Jeen 3D rilmates prior to 700 ¢ and that the higher dose of thiazolidine
m ¢ offestivy in preventing radistion iethniity. However, at each dose

m ¢? the crroound, ard at every time irterval, there was a substantial in-
1w o+ in the meilan survival tline of ihe treated mice even though all of the
@ g 18 not echibit 3-day surviors

The racdisprovective effects of 2 -imino- tuiazolidine-l -carhoxylic acid
en civen alter oxposure to Lethal (o3ed of whole body x-irradiation. Becat.se
Fhy tIme aoffe 5t velationships. i wam Lhought worthwhile to investigate the
ag8iility of ostaining protectron with thiszwolidine given after the radiation
oL uta. v thig experiment four precins of don mice were exposed to 700 v
wiiw bedy > -roy nt a doce rate of L0 r for setond  Three of these groups
woliRdn aniacted with thiacelidduser o 15 or 30 munuces after the radiatics
oxoren Tha Cansth group was Infasved with only watar at 30 minutes after
43 :33n ‘The results of Lhis axporireny, :an be veen in Figure 6. While ncne
e L ety 1 orurvivad the 30 Ay oot marro e gerdod. thers wan a p-olongation
craredian oamelvel Ydme In £ droup vredted at 30 minutey after irrsdiaticu
doan osrase, therefore, oo oreord the evperiment uging s lower duse level
< thatica 1n fepasting this evpnrimeut. Lhras groups of ten animais aaczh
‘n rueeed o 950 ¢ of whole body x srradiction  The groups wers than in-
A 4arath thiswelidine equivalent te 150 nmm., kmy of HCN at intervais of 15
o rwatmeta. The third comtrsl yeeuy was afaln injected with water. The
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resvlting survival curves snd mortality are shown in Figure 6. From these
results it is evident that the injection of thiasolidine at 30 minutes after
650 r of whole body x-rsy will result in significant survival at 30 days
atter the irradiation exposurs. Additional studies are in progress to veri-
fy and extend this unexpected observation and the results acoumulated thus
fur are shown in Figure 7. Different numbers of animale have been used at
each lavel of x..ray exposurs in these studies. The survival curves for

SSO r are based on 10 animals per group, for 500 r they are based on 17
animals, for 650 r they are based on 3L animals, and for 700 r on 31 animals
in the control and treated groups.

The effects of irradiation on ret liver extracts of transsulfursse.
Transsulfurase, Tirst described by Lange (L) snd named thodansse by him, vas
thought to be of interest in our study becauss it is involved in the dotoxiv
fication of cyanide in vive.

The ensyme was extracted =and cencentrsed according to the method of
Ccaby and Sumner (2) from the pooled livers of 15 adult, male and female
Spnguoumv nto» All of the extrection procedures werse carried out in the
ct1d room at 1° C. and the final extract was stored in the refrigerator until
ready for uu in dilute phosphate buffer (pH 7.0). Aliquots of this enszyme
preparation were removed for each atudy and aliowed to coms to room tempera-
trre before being used.

Te measure the enzyme activity, aliquots of the ensyme were sdded to
t. st vessels which contained a thiosulfate substrate and the potassium cyanide
receptor in phosphate buffer., At measured time intervals the resction was
siopped by the addition of 38% formalin. Portions of the reactants were then
acded to ferric nitrate and water and the amount of thiocyanate formed was
rmeasured with a Coleman spectrophotometer Model 1L at a wave length of L9C mu
against a reegent blank, All of the reactions were carried out in plasti. °
cips formed in a lucite disc whioh could be positioned in the x-ray beam in
a manner inguring that each ocup would receive the same x-ray dose.

Initially the reaction was allowed to preceed during the radiation
erposure. In subsequent studies each of the reaction components was irrsdi-
ated prior to the start of the reaction. The results of these experiments
are shown “n Figures 8 and 9. It can be seen that the exposure of the com-
piete reaction aystem to x-irradist ion causes a depression of the reaction
vtlocity and of the amount of end-product formed (Figure 8). However, when
tle ensyme is irradiated prior to reacting it with the complete system, the
ar tivity 1s increansed over that of the control reaction (Migure 9). This is
&1 hanced even further when ths enzyme is irradiated in the [resence of the
subatrate prior to reacting it with the camplete system. Irradiation of the
t! iosulfate or cyanide, either separately or togethsr, had no effect on the
rcaction velocity or on the amount of product formad. By making the reaction
of the engyme substrate-dependent, after irradiating the ensyme at various
lrvels, and then plotting the reciprocal of the reaction velocity vs. the
rcciprocal of the substrate concentration, the results shown in Table 10 were
ottained, From these results it appears that at x-ray levels of 1,000 r and
£,900 r there is a compatitive inhibition of the ensyme. However, at a higher
level of 3,000 r the mechanisms seem to be different by virtue of the fact

»
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that the intercept at the ordinate is no longer the same as that for the
control reaction. Murther studios are in progress to clarify these findings.

Discussion

In a previous report (1) it was shown that cyanide is a good radio-
protective agent if given immediately prior to 700 r of whole body x-irradi-
atioh, However, the protective effect is no longer apparent after about ten
micutes although some residusl effect is obtained when the cyanide is in-
Jected 30 minutes before the radiation exposure as indicated by an increase
in the median survival time of the treated mice. In the present studies an
at empt has bsen made to show that the protective effect increases with in-
cr:-asing doses of cyanide but unfortunately the dose of radiation given was
no high enough to clearly demonstrate this dose-effect relationship and
ad.itional studies will be required.

It has been suggested by somo authors that the Protection showm by
cy'nide is dus to the anoxia which is produced at the cellular level. If
th .8 were ths mechanism of protection, then it should not be possible te
de onstrate a greater dose reduction factor with cyanide than is obtained
by anoxis alons. Experiments are now in progress in this laboratory to com-
pa e the DRF values for cyanide and anoxia. Recently, Van der Meer (S} has
su gested that the mechanism of cyanide protection is due to anoxia immedi-~
at 1y after the radiation period and that the presence of cyanide during ir-
ra iation actually slightly sensitizes cultured cells €3 radiation, These
co clusions are of particular interes: in view of the findings in the present
ot dies, and it is plarned to carry out an investigation of the effects of
an xia after radiation exposure..

Comparative ctudies have been made with two cyanohydrins in an ef-
fo t to find some campound within this generidl class which exhibits both a
g0 d protective effect and a longer duration of action. It would seem that
th se properties are dependent upon the sase with which nitriles release
th ir cyanide radical, and it is of interest that pentanone cyanohydrin ap~
{e red to require more time between injection and maximum protcctive effeist
th n either cyanide or acetone cyznohydrin. The dose of pentancne cyano-
ny rin used in this study was considerably below its toxic dose, and it is
rl nmmed to repeat the study at higher dose levels.

That the release of cyanide is essential for radioprotective activity
13 suggested Ly comparing the protective compounds tested in this laboratory
fo protaction (6) with their toxicity. Williams (7) has suggested, with strong
mu porting evidence, that the mechanism of toxicity of the nitriles and cyane-
*y rins is due to one of the following type reactions:

1, ReCHy-CN .Y T R-CHp<OH ~~=<> SCN~ + R~CHO === R -COOH
2, " --2-.»: R-CHOH<CN <= (N~ + RoCHO =~—»SCN_ + R-COOH
3 " “‘l‘*'g')’ R+«CHp ~CONHp - R-CHy-COOH « NH3

7 ‘
4o n oy R"CHg“C“z 5""2 ———"2 R-aGHyCOOH + M3
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Of these reactions the first two ure of primsry interest here because they
huive cyanice as an ena-proiuct of the rsaction. Alsgo there is abundant
evisence that these two reantions take place in viw. Type reaction No, L
night possibly be of some interest in commectIon with radioprotection by
virtue of the ‘sct that it involves monoamine oxidase and this enzyme could
play some role in the protection shown with some of the neuro-humoral agents,
However, this reaction is only postulated and has not been demonstrated in
vive,

In a previous report (1) a correlation was desoribed between the
radioresistance of certain species of mammals and the activity of the truns-
sulfurase ensyme within sach member of the species. Since this ensyms i
involved in the detoxification of cyanide, it was considered ¢f interest to
investigite the activity of this enzyme in relstion to its response te ir-
radiation, Since most in vitro preparations ave rather resistant to radi-
ation, the demonstration ir the present study that this enzyme is fairly
radiosensitive is of oonaiderable interest.

Himwich and Saunders (8) have studied this entyme in some detail ans
found that it is widely distributed in the tissues. They have estimatcd that
in one dog liver there is enough enzyme to detoxify L,015 grams of cyaniie in
1% mimutes, and enough in the skeletal muscle to detoxify another 1,763 grans,
in the process of detoxification of cyanide this enzyme neede an adequate
source of sulfur and this is probably the rute-limiting factor ir vive. Thias
mobiligation of sulfur substrate may play an important role in the protective
mechaniam shown with cyanide. Sorb® (9) has provided evidence for the dt-
sulfide bridge as the active site of the senzyme and recently Green and Weatley
(10) have deseribed a double displacement reaction involving cyanide and this
erzyme a8 follows:

s-»-!ha N ? 3-5-80," 0o ﬁ“ -SCN i& =5 -
f + SSO p U -s a i :'_-_m.x.:}u ! + NAN
U 3 = U N | e o

ENZYME ENZYME = BIYME

It seems likely that the depressed activity observec when the enzyme react.’on
was undergoing irradiation in the present studies was due to the alteration of
the disulfide bridge. Irradiition of the ensyme prior tn reacting it with
cysnide may in some way result in s lowering of the activation energy of this
disulfide bridge.

The demonstration of an apparent competitive inhibition between cyanide
and r.diation in the present studies with the transsulfurase aystem is of par-
ticular interest because of the ability of the cyanide-cystine reaction mixture
tc reduce radiation lethality in mice when given after the x-ray exposure. Ale
though it is tempting to speculate that these findings are relate. and that Lhe
post-irradiation protective effect of the thiazolidine derivative i due to the
reversal of a radiation-inhibited system, this explanation would not be com=
sistent vith the finding that the protective effect is not present when the
agent is given immediately after the x-ray exposure rather than at 3¢ sinutes
after ratiation. Additional studies are needed in order to determine vhetber
ths 30-minute delay betweers radlation and the administration of the thiasolidine
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derivative is highly oritical and these studies are now in progress. If
the delay period is sharply restrictive then the possibility that the pro-
te:tive offect is due to & reduced synthesis of some toxic substance or the
blocking of the production of some injurious agent (the so-callsd lethal
syathesis) must be considered-

The finding tha® the post-irradiation administration of the cyanide-
oystine reaction mixture decreases rediation lethality in mice is also of
particular interest in explaining some of our previous findings (1l). Al-
though the maximal radiation protective effect of cyanide was obtained in
our previous studies when the agent was flm immediately prior to the radi-
ation exposure, there was an indication (inoreased median survival time) of
a radioprotective effect when the cysnide was given at 30 minutes prior to
thre radiation dose. This effect was also fairly critically related to the
tine of administration, since it was not detected when the cyanide was given
at 20 mimites or at 4O minutes prior to the x-ray exposure. If tlie mechsnism
of this effect of cyanide is related to the post-irradiation protective affeoct
of the cyanide-cystine reaction mixture, théen it would seem to be unlikely
thst this mechenizm involves a stimulation of the existing bone marrow stem
cells to produce an earlier repopulation of the hematopoietic system in the
irradiated animal, Compounds which contsin sulfhydryl groups often have a
unique ability to promote wound healing, and it is possible that ths cyanide
acts in some manner to stimlate the healing and repair mechanisms in the
irradiated animal and that the thiazolidine derivative exerts a aimilar
function when given after the radiation exposure. However, this mechanism
alzo fails %0 provide a reasonable explanation for the apparent dependence
of the protective effect on the tims of administration of the agents. If
cyenide acts by csusing anoxia dur the immadiate post-irradiation period
as suggested by Van der Meer ot al. (5), it is difficult to understand how
it could exert a proteotive effect when it is given 30 minutes prior to the
raciation exposure and not. when given at eithsr 20 or 1O minutes before the
raciation. Since high pressurs oxygen during the x-ray exposure reduces the
racioprotective effect of cyanide given immediately prior to the x-ray ex-
poture (i), it is of interest to determine whether this treatment also re-
duces the protective effect of cyanide given 30 minutes prior to the x-ray
exposure and these studies and other studies designed to clarify the mecha=~
nictm of the protective effect of both cyanide and the thiagolidine derivative
have been initiated,

Smg

1. The pre-irradiation administration of potassium cyanide a t dosage levels
equivalent to 2,25 mgm./kgm. of HCN increase the LDz of acute whole body
x-ray exposure fram about 500 r to over 900 r in C 1 female mice.

2. The ability of various cyanide producing nitriles to protect mice against
lethal doses of whole body x-irradiation appears to depend on the ease
with which they release free cyanide.

3. The in vitro activity of rat liver transsulfurase is inhibited when the
enzyme 1s exposed to x-ray doses of 800 r, 1,000 r or 1,200 r in the
presence of a substrate and oyanide; whernas radiation of the snzyme
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alone or in combination with the substrats orly results in enhancement
of ite activity.

A minor metabolite of cysnide, 2 imino-thiagolidine-y=-carboxylic acid,
has been prepared by reacting cyanids and cystine and found to be capg
ble of reducing radiation lethality in CFy female mice when given at 3

minutes following whole body x-ray exposures in the range of 550 r througu

700 ».
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PHARMACOLOGICAL AND TOXICOLOGICAL CQIPOUNDS AS HIOTECTIVE (R THERAFEUTIC
AGENTS AGATNST RADIATION INJURY IN RXPERIMENTAL ANIMALS

IIY. Radioprotective Effects in Proton-liradiated Mice Pretreatazd
with Chadcsl Proteciors

D, Q. (ldfield, J. Doull, V. Plzak, A. Hasegava and
A, Sandharg

This repori concerngs Radiopratestive effects in mlco tobsl-bedy
{rradiated by hipgh energy (L40 Hov) pretons followinz pre-irradistion treat~
ment with 2.-marsaptoethylamine hydrochloride (MBEA) aud wi%h ponminepropio-
phenone (PAPP), and a comparicon with similar effect: in mice irracizted by
250 kv Xwrayw.

Immadiate o Wtinmate epplication of “he res:ltas Tldas investization
hag melevance to at loast three oignlficant radioprotecticn problens. These
are, first, the extent to widch ¢ selected agont can modify ¢he responss of
& biological systom to one narticular type of readiatliom-espseificel’y, high
energy protonssg egscond, the relative elffactivuness ol two different types of
radioprotective agents in modifying the respoage of a tloleglcal sysiem to
this type of radiation; =mad third, the rclatis o effestivenass of one type of
radicprotective azent compared in gystems oxpiaed 4o two differeat typas of
radlatious~ protoas and x-raye. Intarvelsted prablers of thia type are uswval-.
1y beat pttacked nadng 2 canprcheneive exporiicont specifically desiprsd for
the purpeoe. This report presovts solitione o some of the methodclogical
end technical pravlems arising in the dssien rd ovensution of auch arn axpori.
ment whiich shonld e wsefml for fubinrs invest:.caticns in this labaatory or
cleowhere. Opecilically, methods of probeoa and x~ray dosimotry uedng s
Victoreen cavity 1onization chamber :va rreseti.ed. Aleo, cortain wnpecis of
the problex of analysing radioprotection data in popnlations of treuted animals
are digcusped. Spseifically, She onaliwvip indicates that pre-<lrradisticn
treaimonts with MIA and with PAPF are able to ceducs 30-day istnelity in mice
exposed to high casrgy wobons.

LI I O IR

Telatlvely 1itile pstlisbed varz fn eor phaar of praton radichiology
cxdets. Tobras, inger ard Leassvee (1) neasx) the dose o 315 Nar protous
veoduoing S07 lataslity at 34 doys in rhcle-bady irradiated straic 4 mice.
They obtaiued a valus of 027 rade amd vn MBE of approxiuately 1.1 capared
with 180 Xv x~rays. Vweonay aod 030fiold (2) determined the effccotiveness af
90 Yav protous welative to 250 By x-vare in poducing welght loss in the splecn
nd thyrug of wholewsody locadliatoe L0y rdee Asewodng an eponeriial reo.-
gresolon of Yoday weciducl evgan uelalep dor g proSoas wurs fowx. 1o La noro
sffootive than x-riye by a Jrevor of aheat £, Kurlyandskya and cowarkers (3)
racently rcported &n Wy /53 for white male m'uve irradiated with €60 Mev protons
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of about 1050 rads. The RBE relative to 180 Kv x-<rays wac roported to be
sbout 0,55, These workers also reportsad that various mercapto compounds
increaced the number of survivors. :

Some studies of localised proton irradiation of mammals have been
mado, the intent being to selestively destroy cells only inm certain limited
regions of the body (L-11). Larsson and Kihlman (12) investigated the pro-
duotion of chromosamo aberrations in the plants Allium and Vicia, finding a
relative effectivensss of 0.7 far 170 Mev protons relative to 180 Kv x-rays.
0ldrield (13) investigated the effectiveness of low-energy protons relative
to ocobalt~60 ganma rays for the production of tumoricidel effecis on mm
Elrrlich ascites cercinama irrsdiated in vitro and then grown intraperito-
neally in CPj mice. This sensitive method (1L) yielded an RBE of unity.
Althovgh a detalled literatwrs search has not been made, it would appear
that the number of published works in the field of radioprotection against
high=cnergy proton radiation is rather small.

cal materials and mothadst Proton beam geometry and propers
ties. 3curce of high energy protans uged in this experiment was the
University of Chicago synchrooyclotron. As shown in Figwre 1, tho magnati-
ocally extracted proton beam emerges fram the vacumm tank of the synchrocyclow
tron, passes through s strong-focus magnet and aluminum vacuum pipe, and
entaers the irradiation romm. In the irradiation room, the beam passes tkrough
alr until strildng the irradiation apparatus and monitoring lonization chamber,
Bsyond the chambar, thc boam 1s chzorbed in concrete at the base of a blind
collimatar ("catchert).

The proton beam producod by the synchrccyclotron is pulsed, having a
duration of 40O mioroscconds por pulse and a repetition rate of 70 pulses por
sscond, Extraction of tho bsam commences when an ensrgy of LLO < 5 ¥ev is
reached. The trajectory of protons having this energy vas checked by float.-
ing vwire moasurements carried out just prior to the present series of runs.
The ctrong-focus maguet consists of one 24-inch center section and two 12-inch
end sectione. Separation betwssean gsotions is 12 inches. Bach scolion is a
hyporbolic quadrupols lenss tha vertex-to-vartex distance of poles lying om
opposite sides of the lens axis is li inchos. The main foousing cwrrent to
tha strong-focus megnet is supplied by a servo-regulated power supply. The
thres sectlons of the magnst are curlos connected with the supply. In ad-
dition, varlable externel rssisters shunt each section, allowing the focusing
strangth of the centor section to be changed relative to tho end sections,

Ths current in tho center ssction, and that in the end secticns, was monitored
potontiometrically from the voltego drops produced across a calibrated manganin
resigter bofore and during each biclogleal rum.,

The irradiaticn room is cepurated from the gymclrocyclotron by a con-
crote, earth, and steel shield into vhich ¢he vacvua pipe extends. Two pairs
of limiting aportures exist along tho length of the vacuum pipe. Thess cone
slst of the entrance and cxdt pole tipa of magnots not used in the presont ex-
periment. Taken togathar, thess aperiwres comsiitute a tapered collimator,
150 inches long and roughly 3 Ainchas by 3 inches at the input oud and i inches
by L inches at the output end,
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In pasaing from the vacuun tank to the irradiation apparatus, the
proton boam pagses through 0,06 Fu.‘/mu.2 mylar, conprising vacuum pipe
windows and tlrough 1.3k gm./cm.¢ of air, most of the latter in the irradi-
ation romm., Far protons of LU0 Hev, these extraneous absorbers produce al-
most negligible energy loss, but statistical fluotuations in energy losy will
result in sms additional sprepd of proton energies initlally present in the
bean. Scattering from collimatcr edges, vacuumm piping, etc. will also intro-
duce low energy protons into tho beam. However, tho total energy smread
present at the irradiation apraratus is not expected %o exceed 5¢. In ed-
dition to energy dispersion, interactionz of protons with myler, air, and
other materials in the beam path results in neutron production by charge-
axchange and other nuclear reactions. Since noutron contamination of the
proton beam would be expected to produce a rather diffusu and poarly defined
beam, the relatively sharp fall«off at the cdge of the beam seen uairg phoio«
rraphic £ilm indicates a low degree of contamination.

The irradiation apparatus consisted of a 8-1/2 x 8-1/h x 1/ inch
thick luoite plate attached to an aluminum frame which during irradistion
noved up and down in a planc perpendiocular to the beam axis. The frams is
drivea tlrough a arank-and=link mochanism by a motor, the frame makirg cne
complete oscillation each six ssconds. The excursiom of the frame during
oscillation is 2-1/2 inch cach side of the wid~pomition. Mice to be irradi~
ated waro placed in vented celluloid cemtrifuge tubes (1~1/8% 0.D, x 3<7/8"
long) and cach of tho latter secured to the up-beam surface of the luoite
plate by a pair of thin rubber bhands.

Focusing the proton bean on tha lirradiation apparatus uslng tho sironge
focus nmagnet gave a beam roughly rectangular in shape (vertical height of L
inches and a lateral width of 9 inches). By having the lucite plete move up
and dowm acrces the axis of tho fixod bean, the dose rate was reduced $0 a more
sultable value, the vertical uniformity of the beam over the swrface of the
lucite plate was improved, and the £1cld slve was increased by about 5 inches
in tha verdlcal direction. Initial eglinates of beam size, shape, unifarrdty,
etc, wers made using photographic £31m (DuPont, Type 1290).

Dambean of the irradiation emmaratus an argen-filled () nounds per
square inch, gauge) transmi.ssion ionization chamber with aluminmum windows and
electrodes (hw./? inch diameter) monitered a portion of tho bzam passing
through the lucito plate. Tho chavher was polwrized to 150 v/ei. and collected
elactrons. Coupled t0 the chambor was a vihrating rseed clectromster (Applied
Physics Corporation) with cepaciter jnouts the output of the electromster was
fed t0 ~n extended-rangoc recorder. Thus, the charge produced in the chamber
during irrediation wae collected continuoualy and cumalatively during each
irrediatiom rwn., The voltago corrrapeading %o the total charge colleaterd at
sny Yine wee displayed on tho recorder, perwmitting, after oalliration of tha
menitoring apparatus, tho aocursic (slivery of any dosired dose, The oali-
tration of the beam monitoring cppxratus is descrided in tho next section-

The %catcher™ absorba ths boam aftar 1% huis passod through the irradi-
sting and monitoring apparstus. The catciey also reduces the diffusion of
thernal neutrons (nroduced when the proton bear 13 abiorbed). back towards the
irradiation and monitcoring apparatua,
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Proton dﬁg and nomitor calibraticn. Meagurument of absorbed
proton dose was on (L) The usa of a victoreen cavity«icnizatica chamber

and associated charger as a charge-measuring rather then a rcantgen-measuring
dsvice, and (2) the use of the known exposure dose rate produced by a Co-80
source to calibrate this charge-meamuring device. The quantitative busls of
the neaswenments is as follows:

Int

!olx roonts/mn © known equilitrium exposure dose ratn in air
L produced by ths gamea sourco.

v otl3 w goometric volume of the chamber caviliy.
f) gm/m3 = deneity of atr in tho volume V when tha ganma
¥ measurensnt 18 rrade.
tx min = gxposwe timas for gmma irradiation of 4he
cavity. '

From the definitdon of the rcentgen, we have tho factor

1 stateoulombs/ga. wir/roontgen
Ka = TO0T7%3

Then if tho Victorsen is placed In the field f’y of tho gamma acurce far a
tine %y, the total charge Qy produced vader conditions of electronic oguili«
brim is

Qy coulombs = KRy Py VEyty

O
where K = 1/(2.9980 x 10”) comlombs per ciriuouionb. If tho Victarcen
charger measures charge in scale units S, and if the charger respenss is
1ineer, then 3 = IQ, vwhere k io a conotant of proportlonality. Therefore,
fron the gsmua irradiation wo Jind

S
k o 3 y
A P VEyty

tho only unknom qQuantity being; the cavity volume V.

Consider now a tube of unit doneity matsrisl, ossuxed to be weior,
placed in & uniform beam of hirh energy protcoune. fesume that the axis -
of the tube is perpendicalar to the beam sris, and that tho diarotsr of tha
tube 1g much amaller than the ramge of the nrotons. The dose proauoasd in thoe
water will be predominantly thit due to en=rgy loss by iorizstion and, sinne
proton scattering at thess snergiea is not inrgs, vill bo epproximataly vni.
fam over the tubs, If a small volumo of water in the tubs is raplacsi by
the samo volume of air, vho dose produced inu the watsr, D,, ic ralated ¢c the
dose ncw produced iu eir, Dp's by Dp = aDy?, where g 4o the rolative stepping
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power of vater to air for protones of specified energy., If the air-filled
cavity of the same Victoreen chamber used above is introduced into the tube
of water and irradiated until the monitoring apparatus has acocumulated M
units of voltage, the total charge coulambs produced in the air in the
cavity is rolated to the .abacrbed doso by

K
- " 1 ~ (for M units of mimiter
Tpreds = & T )
whers

(ép gn./a® o density of air in valume V during proton irradiatiom.

W © electron volts (ev) expended per icn pair (ip) preduced
= 33,3 ov/ip for 340 Hev protons in air (15).

o = 1.6020 x 107

Kg = 1.6020 10712

K, = 100 ergs/gran/rad.

coulan‘b/iin

erg/ev.

The basic assumption mado is that ihe introduction of a’ ghort length of the
Victoreen into the proton radiation fiesld alters the spectrim ot incident
protons only negligibly, and that the metal shell of the Victaresn dces not
contribute appreciably to the spectirum of gecondary electrons. For high
energy protons these agsumptions sro plausible.

1f the charge Qp produces in tho charger a deflection of sp soale
units, then ] Spﬁo Subatituting this exprgasion togather with tre value
of k found prévioualy inlc the expreseion for Dp, the cavity volume V cancels,
and uwa obtain the calibtration facticra

ads D 8 o KeKqFp Ryt
Fm-ﬁ‘”'&%—ﬁu—%l%

The value of th2 relative stoppiug power s was obtained fram the in-
dvidual stopping powara given in rango=cmergy tables (16), and found to be
1.138. Air density was calculated on the assumption of dry air in the Victoreen
chanber cavity. In ihis cago tho ratio of air densities (‘}/ (” can be re-
placed by Py T,/P Ty whore P is thc pressure and T is the aboofute tampara-
ture, Insortilg Bimerical values, e find,

o
T Rb‘tb’ P
P » 0,846 ;2‘ "Flp N _T—_h' T“::

The gsma sourcs used in the calibration was the Argonne Cancer Re-
iq‘uam'ch Hospltal Revolving Cobali-60 Therapy Unit (17), Tho exposure dose rate
¥ &t the ocuter of rotaticn at time of calibration (Novemoer 31, 1962) was
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16,6 r/iminute, A 250 r Victoreen champer with equilibrium lucite cap was
used with a Modal 70 Victereen charger in a 10 om. x 10 om. radiation field,

The Victoreen chambasr and charger calibrated with the panma source
were used to measures doses at the center of each of ten of the twelve tube
positions on the face of the lucite irradiation plate, a3 shown in. Figmre 2.
Measurements were not made at positions 9 and 10 dus to the likelihood of
stem leakage in the Victareen at these positions. For the upper positions,
neagsurenments were made with the Victareen chamber tip at the center of both
air-filled and water-filled tubes. Priocr to immersion in water, the tip of
the chamber was covared by a thin, rubber finger cot, stiretched tightly and
taped to tho metal shell of the chamber to prevent wator leakage into the
chambar. For the lower nositions, only moaswrements with alr in the tubes
ware foasible; these values were corrected to water valucs using the water/
air ratios obtained from meagurements in ths upper positions., Tho values of
F obtainod aro also shown in Figure 2. Sinco the variation in doae was found
to bo loast botween upper and lower levels at corresponding lateral positions,
and since the variation decreased toward the center of the baam, positiom 9
was agsumed t0 have the same F valuo as posiiimm 33 and position 10, the same
valus as position 4. Positions 5, 6, and 12 were regarded as having values
too divergent from the others and wore not used. The remaining nine positlons
were grouped into three sets of three positions each. Mean values of F, tho
per cent stondard deviation of the mean ™ , and uhe per cent standard devie
ation of individusl F values from the mean ¢~ are shown in Table 1. It ocan
be suen that using the moam F far the separate sets would result in a rola-
tively largo dispersion for tho last set (10.L4%). Therefore, the mean valus
of P for all nositions were uzed-

TADLE 1

OVERALL AND GROUP CALIRRATIMWN FACTORS FOR
PROTON EXPOSTRE POSITIONG

Fositions F I 6 ¢
a1 6032 | 2.8 6.7%
1,4,9 6.{;& 3.8 5.9%
2,7,10 6.1z 3.k8 5.9%
3’8.11 6.23 6.0/5 10.111

X-r? boem peomstry snd doxlmetry. Specifications of the x.ray beem
were as followss

Genarator, General Flectric Maximar Type TIIj
Energy, 250 Kvpj

Tubs current, 15 mas

Extoraal £ilter, 1/l mm. coppsr plus 1 mm, aluminums
FSD, 75 am.$
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Backscatter material, lucitos
External collimator, uones
Bcam dianster, approximately 30 em.

The beam was directed vertically doun with axis normal to the backsoatter
surface, A 1000=r Victoreen chamber placed 23.5 om, from target and offe
axis together with remote smplifiar and meter were used to monitor the dose
rate during all runs, Tube ourrent was mamually adjusted to maintain the
dose rate constant to be sbout 3%. Tube voltage waz monitored at ‘the high~
voltoge traoformer primary. Voltngs was maintained constant to about 33.

A l-inch thick by )3=inch diamcter lucite disc, ocontered en the gso-
notric besm axis, rotated at about 1 rom during irrediation. The disc wae
ecallsped cut along 16 aqually spaced radii to accommodate 16 tubes containe
ing nico ¢o be irradiated. The centsors of the tubes foll on a aircle of 22
om, dlameter, concentric with the disc, An insulatod box 2 fee® sguare and
1 foot deep contered on the disc and having an dpen teop maintained a constant
temperatura of 27° C. &t the diso surfece. :

The mothodology of the x-ray depimetyy 18 very similar to that for
the protons. Using the same notaticn as before, but with the subseriph "x!
denotdng x-reya, we have

(]
3 xeemt . Tz x Pyy Ty
Bx ~Fin w & " Sy Ty

ig measrred wich tho sare cavity charber and cherger uced weoviously. The
e ¥lp 45 fixed at the conter of a tuby fitied with wnlt density moterial,
sssumed to bo water. Tho tubo pluy chazbar are placed in one of the 16 po-
gitions cn the lucits disc and rotyied during irradlation. The average cbe
sorbed doso rale is them given by I (redfmln) = 7 Iy, whare £ is a roentgen-
to-rad convanslen faetor averaned cver the encrgy spealrwi of x-raye proseud
at tho point of interest. An approximato value of £ oan be found when +he HVL
of the x-ray bemm is kmoun.

Measurcment of ths HV]: of the x-vay boam ipccifled ebove gave a valus
of 1,01 mm. of copper. Using “his valus, ¥ for water ig found from calou-
lations reporied in the lteratws (18) to ke 0.952 rada/rocntgen. Inserting
this valus snd the cobalt-£0 cata in the equation, wve £ind

® acs T
Dx -%:ﬁ.— s 20706% '!é

In the actual measurement, tho tubs was packed with a seation of
vater-filled dlalysia tubing with cnds tied off, and tho cavity Victoracn
chumbar tip (sealed with n firser cob as meviously) incerted into an in.
vaginated necticn of tho tubing. Tho yeprodusibility of {he moasurements
made in this way (0.5%) was ccusidorably better than the constancy of tho
x-rey tube awrreat (34).
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B:l%cd materials and methuds., Mice used in this experiment

were arns CFy, caged not mare than 12 por stainloss steel cage

(™ H, 9% W, 13" L) in which food (Rookland Mouso Diet) and drinking water
were available ad libdtum. All "i“ wore housed in a single air-conditioned
room with temperature held at 25 2 20 C. The cages were inspected for dead
mice daily, and cleaned weekly. Both proton and x~ray irradiations were
carried on during three successive 6 to 8 hour pariods spased 2 howrs apart.
For the first pariod, malo mico 19 = 1 weoks of age were used; for the second
poriod, pale mice 17 =1 weeks of age wore usedy for the third period, male
mioe 15 = 1 and female rrdce 15 & 1 weeks of age verc used. The mioe used in
any partioular period wore randomized just prior to the beginning of that
period, male and femalo groups used in the third period being randomized

separately and the groups kept separate.

Chemical arcnts used in this study wers made wp in concemtrations
that permitted the use of an injection volume carresponding to less than 2%
of tho body weight of the mouse. PAPP was propared by dissolving C.P; grade
reagent in pronylene glycol with gentle heating and then diluting with an
equal volume of triple-distilled water. The comcentration of the final so-
lution was 3 mgm./milliliter, A fresh solution was prepared each 2-3 hours.
MEA was prepared by dissolving the C.P., grade reagent in triple-distilled
water. The concentration of the final solution was 22.5 mgn./ml. A fresh
solution was propared each howr., Control mice received one or the other of
the above diluents, as described below,

In the proton irradiations, mice were processed in batches of nine:
three mico roceived 30 mgn./kgm. of PAPP, three mice received 22.5 mgm./kgm. of
HEA, two mioce received water only, and one mouss received the propylene glycol-
water mixture only. The following batoh of nine was prepared identically, ex-
cept that two mice received propylene glycolewatsr mixtwre only and ons mouse
received only water. All succeedinz batchcs altormated in this way.

Injections were given intraneritoneally using a 1 ml. gyringe and 26
gsuge needlo, 1/2 inch long, After injection, mice wers placed in vented
tubes. A delay of five minutes was intorposed between the end of the in-
Jootims and the start of irradiation, during which time the tubes were placed
at specific locations on the lucite plate. The placement of tubes alternated
betiesn the two confipuratims shown in Figure 2 to obtain good doss uniformity.
As memtioned previously, the plate containing tubes and mice moved vertically
up and down past the fixed besm continuously during irradiation. After de~
livering a measured radiation dose to this batch of mice, the tubes were re-
moved, and the mice sarted into appropriate cages. The propylsne glycol and the
vater control mice were caged together, but were permanently marked so as to
be distinguishable. The female control mice were given water only.

The x-ray irradiations commonced one week after the end of the proton
irradiations. The biological procedurss used for irradiations were exactly
oamparable with those used for proton irradiations, except that the mice wers
processed in batches of twelve.
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Tho cwnlative por cont martality aftor 30 days, p, is showa in
Table 2. The standard deviation is calculated on the agsumption that
deaths within each group of nice at a particular dose level obey bincmial
statistics, and thet the per cent mortality observed in this gamplo is a
reasonable estimate of the per cent ncrtalily that would be ohgerved in &
large population of mdce, The numdber n 1y the ariginal numbey of mice ir-
radiated, not inoluding any that died diring irradistion ar during the
first two dayp poste=irradiation. In the eontrol groups, the mmber of mice
excluded from analysis due to immodiste death (during irradietion) or due to
short=term death (two days post-irradiation) is negligible. In groups re-
ceiving MEA before irradlation, the exvlided mice comprise sboub 5=10%5 of
the inttdai mumberj in groups receiving PAPP, ebout 10-15%. Tiw thrao zge
groups irradiated during the tlo'ee successivo treatment perieds all exhititod
essentially the same swrvival tehavicr and the groaps wore poolod for analy-
sis,

The data in Table 2 is plotied in Flgures 3 tirough 10, inclusive, in
probit vnibe of mortality versvs dons. Ths gwaight«line fits to those data
have boonr: ootinnted by eys. Wren additicnal data at higher dosss are ob-
tained from eoipardiments now in proporation, & naximmelikelihcod £13 of the
data will bo caoleulated, It shouldd be poazible from such calrulatimms o
dotermine in an wneambipuous way whothar ths linear reiressicn of mortality
is cn dose, loparithm of dose, or some other function of dose, 4 plot of
tha prescut data againgt log deeo did not roveal any strikdng irprovenent
in lincarity. .

For each estimated straight-line £it to the date, the domss producing
50% mortality, D, and the slope of the lirs, b, meagured in provits per rad,
cxa be cobtained. Thoss valuzs ave collected in Table 3.

Tho dose reductica factar, IR¥, ls a convantial cnd uwsoful index of
protector effectiveneas indopendontly of any furthor implicntiomo that the
noctality cwrves providing that mmbc: may havo. The . some may bs said for
tho relativeo blological offectiveness, RBE, When protection against two
different types of radiation afforded by a eingle nrotecter are boing cox-
pared, a logical oxtension of DRP &nd REE indices is obtained by dofining
rolative protective effectivonecs (RPS) es tho ratio of doses of two diffex-
out typea of radiation procucing 507 mortslity by 30 dgys when the sene pro-
tective substance 18 ugsed in the vame way ageinat Loth radiatione. An RFE
io essentially an RBE modified by tho use of the protestor. With this arisne
tation, tho values in Tablo L hevo beon calculsted froam those of Table 2.

An RBEE of 0,72 1o not uroxpected since the linear erergy tranofer
(LET) of LLO Mov protoas is sbout 0.29 Kv/uicron while that for the x-rays
used here ie about /-5 times this valus. Both PAPP and MEA prroduce DRFYa
amxeclably greater than unity. Hovavor, while for protons tho MEA appess
na-e offective them PAPP, far x-reys the situation is roverssd. Difforensen
in protecticia vetwean the compounds can be seen olco fyrom the RPE values
for which a factor 2 difforence exisis,
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Figure 3. Doso-mortalitly data for CFy male mice exposed to whole-body
proton irradiation.
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TABLE 3

MOTN AND X-4Y SIUDIES

aroup D (rade) b ff,-%”-’-"‘- 5]
Proton-contzol i 160 0.372 x 102 | 2,82
Proton-PAFP b 3099 0,242 2.59
Proton-MEA | 1520 0,132 2.0
Proton-control. femzlao ! 7650 0,88} S.75
Y-ray-contyol 550 0.557 x 107 2 3.07
X-ray=-PAPP 1200 0.153 1.83
I-l"w IBA 829 f 0. 5215 L‘. 1'30
Xeray-control feralos 570 ; 0.827 L,71

TABLE L

DRF, PBE AND RFE VAILES FOR RROTCI AMND
X RAY ROICSTRES

-
Radiation | ‘ |
. ; Proson | Xy RBG = 0,72
Piotector \\ ; |:
PAFP | DRF = LMy [ TRF 52,10 | REE = 0.9
MEA | IRF © 2,00 | IEP ® 1,50 | RFE = 1.8
“ L
IRP = P‘M T @ f?.!z:m
D-control: D (proton)
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The meen dose, 3, for fomalc comirols is not appreciably diffarent
. for elther tho males or between protons and x-raye. The slopes, b, hiw-
over, ara maro steep than those for malss for both radiations.

The distribution of deaths as a funotion of time within a group of
mice that received a given dose and a given treatment also provides usoful
information for protection studies. Theme datz are presented in hodograph
fom in Figure 11 for the 939 rad proton groups, Although the total number
o2 rilco involved is too small to permit a quantitative discureion, a inmber
of qualitative observations can be made. First, in the control group, thero
apnear to be two distinct periods during which the death rate exhibits peaks,
one at about 6=0 days and the other at about 22 days. Second, a comparable
pair of poaks is seen in the PAPP group, with some slight evidance of a shift
ir the peaks toward later times. Third, in the MEA group, only s single peak
oxists, and this pusk seems also to be shifted to a olightly later time than
the comparable first peak of the PAPP proup., The implication of theso re-
sults is that PAPP and MEA delay the onsei of death in proton~irradiated mice
and prolong the survival time.

Diacussion

Fer “ba following discussion, we shell assums that the data on mar-
tality 1is best represerted as a linesr relation betwesn tho mortality probit
Y and the aboarbed raddation dose D. If future work indicates that tiw de-
pendence of y is on some function of D (s.g., log D) rather than D Stuelf, it
will be necessary to subsiitute that Function T:m'ever D appears tow. Other-
wise, the analysis should remain wechangod.

Suppose the mortality data satisfieos the linusr relation y = 5 + b(D=D)
waere y is the probit carresponding to the martality produced by the doss D.
The dose D 15, theorefare, thet whick results in a probit y = 5, in other wards,
50% mortality. The slope b is tho rate at which the mortdlity probit inoreases
with increasing dose. The two constants D and b campletcly characterize the
rospoase of the system,

Thore are at least three ecaily specifled ways in which a chendeal
agent might slter radiaiion response as determincd by cumulative mortvality
neaswed &t 30 days. The simplest would be one in which the chemical agent
did nct alter the dose~responso properties of the biclogical gystonm itself,
that is, the iarge mclecules compcsing the syntem, but acted to decrease by
a constent factor the alsorbed dose effective in producing mortality Ly its
action on large moleculos, Such might bo the case, for exampls, if the agent
scavenged fres radicals produced in water the radiation. The regrassion
equaticn for treated mice, y' = 5 + bf(D-D'), should, therefare, be oltaing-
ble from that for untreated mice, y = 5 + b(D-D), simply by substituting in
the latter fcr D the value oD, whare ©C1s less than 1. We would then ob-
tain y? = § » va2(D-1/~). Thus, both the riope, b! = bec, and the 50 inter-
cept, D! = D/OC, would be differant when treated md untreated cases vere com-
pared. But mare importaatly, a specific rolation would exist botween the
conetants, namely,

D = it
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If two types of radiation differ ian tholr average IET, one may
argue on the baeis of an analysis gimilar Yo the sbove that the mortality
curveg produced by these radiations should also satisfy a relation of the
tyt'ge byDy = baDy, the subsoripts denoting the two different Gypes of i'adi-
& (s~ 8 '

The two other modes of altoring radiation responge would beth in-
volve an actuval change in the dose-~respcnsc parameters when the chemiual
agent was given. (ne would alter ths rate, b, at which martality mrebit
charged with dose; the other would altor the absolute amount of doso rew
quirced to bring the mortality probit to soze selocted value, ssy that
corresponding to 507 mortality, D. A change in the slope b clearly rotates
the regressicn line sbout the dose D3 o change in D amfts tho lino parallel
to itself. Of course, b and D might both change, but in this case thare
need not be £ny relation betwoen tho b and D vaives for treated and wi~
treated groups, ]

Considering the b°D valuos of Tabhlo 3, one sees that sn aporadmate
constency of the product axists between prolon-control and x-ray couti:ol
groups, sad alsoc between protom-control and mroton-PAPP pgroups. Tho 1=
lation of proton and x«r'sy curves is oxplicsble on tho bagis of the argus
menta piven earlier., Such a relation for the PAPP curve, and its absonce
for the MEA curve, susrest that the protection meohanism for PAPP at low
lovels of LET mght involve a mare nmwroly physicel mechaniem than that for
MEAS and that at higher levele of INnT, neithor substance acts in such purely
physical fashlon,

Surrery

~

1, A nethod of proton avd x-roy dosinztry using a Victoreon chamber charge:.
caldibrated egainst & cobalt~60 ramma source producing e kuown field 4s
daseribed,

2, Tho radicnrotective action of PAPP and MEA sgainst 30-day letheli ,y and
relie of death in CPy mice exposad to wholeebody LLO Mov protons s dew-
scribed aad compared with that far 250 Kvp x-rays.
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